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GEOLOGICAL PROGRAM TO PROVIDE A CHARACTERIZATION OF 
TIGHT, GAS-BEARING RESERVOIRS IN THE ROCKY MOUNTAIN REGION 

Charles W. Spencer, Thomas D. Fouch, and Dudley D. Rice 
U.S. Geological Survey, Box 25046 

Denver, Colorado 80225 

ABSTRACT 

In 1977, the U.S. Geological Survey, in cooperation with the Energy 
Research and Development Administration, initiated a geological program 
designed to characterize natural gas resources in low-permeability 
(tight) reservoirs in the Rocky Mountain region. These reservoirs are 
present from depths of less than 2,000 feet to greater than 19,000 feet. 
The U.S. Geological Survey is now studying the areas and rock units that 
have the best resource potential in the region. 
sandstone and siltstone reservoirs of early Tertiary and Late Cretaceous 
age in the Uinta, Piceance, and Greater Green River Basins, and Upper 
Cretaceous sandstone, siltstone, shale, and marl reservoirs in the 
northern Great Plains. The Greater Green River Basin includes the Green 
River Basin proper, and the Washakie, Great Divide, and Sand Wash Basins. 
The gas potential of tight, offshore-marine deposits of the northern 
Great Plains was first recognized by D. D. Rice. 

These are the tight 

The purpose of the present investigation is to outline the distribution 
of low-permeability gas-bearing formations, characterize the reservoirs, 
assist in improving the recovery technology, and provide a refined 
estimate of in-place gas resources. The amount of recoverable gas is 
dependent on economic factors and advancements in recovery technology. 

A wide variety of geological techniques is being used to resolve 
resource and recovery technology problems in tight gas sands. These 
techniques include studies in surface and subsurface stratigraphy, 
paleoenvironmental interpretation, geophysical borehole logging, computer 
processing of well history and geologic data, lineament analysis using 
earth-satellite imagery, scanning electron microscopy, X-ray diffraction 
and fluorescence, reservoir-rock petrography, pore-throat studies, core 
analysis, micropaleontology, organic geochemistry, thermal-maturation 
studies, borehole-gravimeter logging, subsurface-pressure mapping, and 
hydrodynamic analysis. 

Prepared for the Energy Research and Development Administration, under 
Contract N o .  EY-76-A-08-0474, Modification No. M021. 
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Approximately 20 preliminary regional stratigraphic sections, 
prepared from electric logs and surface sections, have been constructed 
in order to properly correlate equivalent gas-bearing intervals. Many of 
the rock units being investigated are nonmarine deposits, which cannot be 
readily correlated without the aid of micropaleontology. 

Petrographic studies of cores have shown that the distribution of 
clays in pore throats has a great influence on rock permeability. Many 
whole-rock clay-mineral analyses show that a variety of clay minerals are 
commonly present in a reservoir unit. However, when the SEM is used in 
conjunction with X-ray fluorescence, it can be shown that only one of the 
clays may be critical to permeability and stimulation problems. 
recognition of the distribution of clays in reservoir beds may account 
for some anomalous production test results. 

Lack of 

INTRODUCTION 

In 1977, the U.S. Geological Survey (USGS), in cooperation with the 
Energy Research and Development Administration (ERDA), initiated a 
geological program designed to characterize the natural gas resources in 
low permeability (tight) reservoirs in the Rocky Mountain region. This 
program is part of the ERDA Western Gas Sands Project and is concerned 
with presently noncommercial reservoir rocks of Late Cretaceous and early 
Tertiary age. These reservoirs are present from depths of less than 
2,000 feet to greater than 19,000 feet. Figure 1 shows the location of 
study areas in the Uinta and Piceance Basins of northeastern Utah and 
northwestern Colorado, the Greater Green River Basin of southwestern 
Wyoming and northwestern Colorado, and the northern Great Plains of 
eastern Montana and western North and South Dakota. The geological 
characterization of reservoirs necessary for resource assessment should 
also provide worthwhile data for enhanced recovery research projects 
being supported by ERDA in the Rockies and elsewhere in the United 
States. 
integrated into the USGS investigation to avoid any duplication of 
effort. 

Pertinent data from present and past recovery research will be 

SCOPE OF WORK 

The work is subdivided into eight discrete categories of investigation 
that apply to the entire Rocky Mountain region; each also forms an 
integral part of the individual area studies. These fields of research 
are listed below, with a brief summary of the objectives and methods: 

1. Stratigraphic and structural studies--Subsurface mapping, 
supplemented by some outcrop work, provides the basic framework 
for the entire program. 

Objectives: 

a. Map the distribution, geometry, thickness, and 
stratigraphic relations of the various producing and 
potentially productive tight reservoirs and their 
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b. 

C. 

d. 

e. 

association with source rocks, using borehole logs, 
lithology logs, cores, and outcrop sections. 

Map the regional structural framework of each area 
and its relationship to gas accumulation. 
Interpret the paleogeography, sedimentary history, 
and depositional environments in order to determine 
lateral and vertical extent of reservoirs and to 
determine which settings and associated lithofacies 
are conducive to gas entrapment. 

and/or structural, including the possible influence 
of hydrodynamics. 

earth satellites and aircraft. 

Determine trapping mechanisms, both stratigraphic 

Prepare maps of surface fractures using photos from 

Methods : 

This investigation involves the study, analysis, and 
correlation of subsurface and surface rock samples, borehole 
logs, and fracture lineaments. This information will be 
placed in a data system and used to produce maps and cross 
sections, which will be combined with data derived from other 
studies in the program. In nonmarine sections, the time 
framework and correlations will be based on paleontologic 
data. 

2. Geochemical studies--This predominantly analytical program will 
lead to an understanding of the fundamental processes that 
govern the origin(s) and distribution of natural gas in tight 
gas sands. 

Ob j ec t ives : 

a. Identify the origin(s) of gases within a study area 
as related to the three main stages of hydrocarbon 
generation. 

b. Predict time of gas generation and determine those 
subsurface strata in which maximum gas generation 
probably took place. 

c. Identify and quantify potential source beds in strata 
described in "b" above to provide basic data for 
estimating the amounts of gas that should have been 
generated. 

regional focal areas of gas entrapment. 
d. Map paleomigration pathways as a means of identifying 

Concepts and methods: 

Natural gas accumulations are related to different modes 
of origin within the generally recognized three stages of 
hydrocarbon generation: (1) Immature--biological processes 
acting at shallow depths in accumulating sediments cause 
generation of gas consisting chiefly of methane, (2) Mature-- 
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thermal cracking processes generate liquid hydrocarbons (oil) 
and heavy molecular-weight gases, ( 3 )  Post-mature--gas, consisting 
chiefly of methane, is generated by the destruction of liquid 
hydrocarbons and heavier molecular-weight gases and by the 
conversion of organic matter to carbon-rich residues and ~ 

volatile compounds in response to increasingly severe thermal 
cracking. Thermal cracking processes of the mature and post- 
mature stages are controlled by temperature and duration-of- 
heating (geologic time) factors. The immature stage is also 
indirectly controlled by thermal cracking processes because 
the biological activity, responsible for gas generation, is 
killed off by increasing temperature. The products of these 
stages can be distinguished by the hydrocarbon composition of 
natural gas and the carbon isotope ratios of the methane. 

Once the type (origin) of natural gas for a given area is 
determined, it is possible to predict subsurface depths at 
which maximum generation of a particular type of gas would be 
expected. The organic matter in the rocks undergoes various 
changes resulting from a combination of temperature and geologic 
time factors. Levels of maturation can be determined by 
various geochemical and petrographic methods such as spore 
coloration, vitrinite reflectance, carbon-preference index, 
hydrocarbon percentage, ratio of hydrocarbon to organic 
carbon, hydrogen-to-carbon ratio of kerogen, and saturated-to- 
aromatic-hydrocarbon ratio versus hydrocarbon-to-organic- 
carbon ratio. 

Finally, after determining the time of gas generation, 
regional paleomigration pathways can be mapped by utilizing 
present-day geothermal gradients and burial history, combined 
with data from stratigraphic and structural studies. 

3 .  Reservoir properties--Any study of hydrocarbon accumulations 
and resource volumes must identify the critical reservoir 
characteristics and their controlling factors. Reservoir 
characteristics are particularly critical in the low- 
permeability range. 

Objectives: 

a. Describe the petrography of the various tight gas 
reservoirs including matrix cement, pore throats, 
diagenesis, and paragenesis. 

to core data, prepare isopach maps of gas-bearing 
reservoirs. 

porosity-permeability characteristics. 

depositional environments on reservoir quality and 
on the migration and entrapment of natural gas. 

b. Using available geophysical porosity logs, adjusted 

c. Determine the effects of depth and temperature on 

d. Evaluate the effects of the above elements and 
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e. Compile regional formation-pressure and fluid data for 

f. Determine the limiting reservoir characteristics of 
key reservoir beds in each basin. 

tight gas sandstones for each study area. 

Methods : 

Borehole logs will be analyzed. Core analyses will 
provide partial information on porosity, water saturation, 
capillary pressure, permeability (air), gas-water relative 
permeability, and grain density. Core and outcrop samples are 
being examined microscopically using thin sections, impregnated 
with colored epoxy in a vacuum oven, to determine rock composition 
and to make pore and pore-throat studies. Pore-throat geometry 
and size are being studied by scanning electron microscope 
(SEM). Data from this study will be combined with other 
information, such as clay mineralogy, environments of deposition, 
and occurrence of gas. This work will lead to the identification 
of the limiting reservoir qualities of tight gas reservoirs and 
to the delineation of areas where the tight sandstones have 
maximum gas potential. The complexity of the log analysis 
problems requires the geological program to rely heavily on 
ERDA-supported logging research and service companies for 
assistance. 

4 .  Clay mineralopy studies--Little is known about the clay mineralogy 
of clastic reservoirs and associated facies in the Rocky 
Mountain region. Preliminary data indicate that clays have a 
strong influence on reservoir permeability, susceptibility to 
formation damage, and approaches to recovery problems. 

Objectives: 

a. Determine the types, exchangeable cations, swelling 
characteristics, and amounts of clay minerals present 
in tight gas sandstones and associated rocks. 

b. Determine the origin of the clays. 
c. Determine relationship among specific types of clay 

d. Determine the character of the clays in the pore 
and occurrence of natural gas. 

throats of tight reservoirs using SEM and electron- 
probe techniques. These studies will provide valuable 
information for analyzing permeability data, interpreting 
borehole logs, and designing stimulation methods that 
will decrease effects of formation damage during 
drilling and testing. 

Methods : 

Core samples, supplemented by outcrop samples, are being 
processed in the USGS core library and analyzed by X-ray 
diffraction and fluorescence methods to determine the percentage 
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and types of clay minerals. The distribution of clays on the 
pore walls and in pore throats will be observed by SEM and 
electron probe. Wet lab techniques will determine exchangeable 
cations and swelling characteristics. 

Data from these analyses will be presented on maps and 
cross sections delineating the locations of specific clay- 
mineral types. Local and regional variations in occurrence 
and type of clay will be compared with such factors as 
depositional environments, gas production, and lithologic 
character. Coordination will be necessary with ERDA and ERDA 
contractors to provide input into enhanced recovery research. 

5. Coring program--Much of the basic data for the stratigraphic, 
geochemical, reservoir, and clay-mineralogy studies is being 
obtained from subsurface cores. Outcrop samples can be used 
for some studies, but subsurface core samples are needed 
because they more accurately reflect the true reservoir 
conditions. Cores are not available in many parts of the 
project areas either because they were not taken due to economic 
restrictions of the drilling programs or because available 
cores were not preserved. Cutting of cores should be done 
under the direction of ERDA and can be coordinated under 
contract with operators actively drilling in the study areas 
as a part of ERDA's massive hydraulic fracturing (MHF) and 
other projects. The U S G S  has the personnel and facilities 
necessary for processing and storing cores. 

6. Data acquisition and processing--Some basic regional geological 
and engineering data have been extracted by computer from the 
Petroleum Information Well History Control System (WHCS), a 
computer file which contains data on more than 120,000 wells 
in the Rocky Mountain region. However, because only limited 
geological studies have been performed on the tight gas 
sandstones, the U S G S  is establishing a data base for all 
information collected in field, subsurface, and laboratory 
studies as part of the program. This information will be in a 
format compatible with the WHCS. The WHCS system has been 
purchased by the U S G S ,  and Petroleum Information is under 
contract to perform required processing. 

Maps and data being generated from this system are as 
follows: 

a. 
b. 
C. 

d. 

e. 

Well-penetration maps for objective reservoir intervals. 
Regional structure maps. 
Map plots and printouts of cores and drillstem tests 

Map plots of all reported oil and gas shows and 
production. 
Plots of DST'S for which initial shut-in pressures 
(ISIP) are at least two times final shut-in pressures 
(FSIP) . 

(DST'S) . 
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f. Regional hydrodynamic maps from hydrostatic levels 
that are machine-computed from DST'S for which ISIP 
is less than two times the FSIP.  

g. Preliminary bottomhole-pressure maps from shut-in 
pressures using only DST'S that had preflows to 
remove supercharge (using DST's described in "f" 
above). 

or FSIP.  
h. Map plots of pressure gradients from highest of I S I P  

7. Borehole gravity surveys--Where feasible, borehole gravity 
surveys will be used on an experimental basis for the assessment 
of the natural gas potential of tested and untested tight gas 
reservoirs. This well-logging technique provides evaluation 
of formation density, which is the integrated effect of rock 
and fluid density that extends tens to hundreds of feet outward 
from the borehole. 

Objectives: Borehole gravity surveys can be selectively made 
to accomplish the following: 

a. Evaluate fracture porosity of tight gas sandstones 
both before and after stimulation experiments. 

b. Determine the areal extent of lenticular reservoirs 
using the density contrast between shale (2 .0 -2 .4  
g/cc) and sandstone (2.65-2.7 g/cc). 

tight sandstones. 

be used in conjunction with well-velocity surveys 
for refinement of seismic interpretations. 

c. Provide accurate average-density data for thick, 

d. Construct acoustic impedance logs, if necessary, to 

e. Refine log interpretations and core analyses. 

Methods: 

Several surveys will be coordinated with ERDA drilling 
and coring programs. These surveys will be selectively chosen 
over the life of the program. Bulk density, matrix porosity, 
grain density, and fluid saturation should be furnished before 
the interpretation of the surveys can be made. This study 
will require close coordination with present and future ERDA 
coring, stimulation, well-testing, and completion programs. 

8. Resource appraisal--The USGS Resource Appraisal Group (RAG) 
will analyze available data during the study period to provide 
geologically based estimates of gas-in-place. These estimates 
will require RAG to work closely with each study group and 
utilize all available data. RAG will then work closely with 
ERDA to generate recoverable-gas resource estimates based on 
latest advancements in recovery technology. 

The basic stratigraphic and petrophysical studies are being done 
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wi th in  t h e  USGS, because t h i s  work provides  t h e  b a s i c  geologic  framework 
f o r  t h e  e n t i r e  program. I n  add i t ion ,  t h e  USGS has in-house e x p e r t i s e  i n  
t h e s e  areas, and t h e  program work i s  being i n t e g r a t e d  wi th  ongoing 
s t u d i e s .  
done through o u t s i d e  c o n t r a c t s  because USGS l a b o r a t o r i e s  are not  equipped 
f o r  ba tch  processing.  F i n a l  i n t e g r a t i o n  and i n t e r p r e t a t i o n  of d a t a  w i l l  
be  made by USGS personnel .  I n v e s t i g a t i o n s  by t h e  USGS w i l l  be  cont inuously 
coordinated wi th  p a s t  and p resen t  s t u d i e s  of o the r  groups,  inc luding  t h e  
Plowshare and t h e  MHF p r o j e c t s ,  t o  avoid d u p l i c a t i o n  of e f f o r t ,  t o  
minimize expenses,  and t o  ga in  maximum b e n e f i t  from t h e  mutual exchange 
of ideas .  

Geochemical ana lyses  and some core-analyses work are being 

Piceance and Uinta  Basins 

G a s  accumulations i n  low-permeability sandstone r e s e r v o i r s  of Late 
Cretaceous,  Paleocene, and Eocene age  i n  t h e  Piceance and Uinta  Basins 
occur i n  both marine and nonmarine d e p o s i t i o n a l  environments. These 
bas ins  are shown i n  F igure  1. I n i t i a l  i n spec t ion  of t h e  product ive  
marine u n i t s  i n d i c a t e s  t h a t  many of t h e  r e s e r v o i r s  occur i n  o f f shore  and 
ba r r i e r -ba r  s e t t i n g s  where sandstones w e r e  depos i ted  ad jacen t  t o  swamp, 
lagoonal ,  o r  carbonaceous-marine beds.  These rocks were bur ied  t o  
s u f f i c i e n t  depths  t o  serve both as s t r a t i g r a p h i c  t r a p s  f o r ,  and a source 
o f ,  gas  o r  were loca ted  on a r eg iona l  migra t ion  pa th  f o r  hydrocarbons. 
However, many of t h e s e  continuous sandstone u n i t s  may have been adverse ly  
a f f e c t e d  by e a r l y  c a l c i t e  and s i l i c a  cementation and by t h e  formation of 
c l a y  minera ls  i n  pore t h r o a t s ,  s o  t h a t  t h e  r e s e r v o i r  q u a l i t y  of t h e  
u n i t s  i s  s i g n i f i c a n t l y  reduced o r  destroyed (J. K. Pitman, o r a l  commun., 
1977). I n  t h e  area of s tudy ,  t h e  marine u n i t s  are e a s i l y  c o r r e l a t a b l e ;  
however, where t h e  rocks grade r e g i o n a l l y  t o  t h e  w e s t  i n t o  nonmarine 
beds,  t h e  sandstones become more d iscont inuous  and consequently more 
d i f f i c u l t  t o  c o r r e l a t e .  Examples of r e l a t i v e l y  continuous marine r e s e r v o i r s  
are p resen t  i n  p a r t s  of t h e  Cas t l ega te ,  R i m  Rock (of Walton, 1944),  and 
Sego Sandstone, Corcoran and Cozzet te  Members (of Young, 1955) of t h e  
P r i c e  River Formation, Trout Creek Sandstone Member of t h e  Iles Formation, 
and R o l l i n s  Sandstone Member of t h e  Mount Gar f i e ld  Formation, a l l  u n i t s  
of t h e  Upper Cretaceous Mesaverde Group. 1 ,293 

Gas i s  a l s o  t rapped i n  nonmarine sequences i n  a l l u v i a l  sandstone 
r e s e r v o i r s .  Ind iv idua l  and composite channel-form sandstones account 
f o r  as much as 90 percent  of t h e  p o t e n t i a l  r e s e r v o i r  u n i t s  i n  t h e  a l l u v i a l  
s e c t i o n .  Although many c o r r e l a t a b l e  sandstone u n i t s  developed a t  
approximately t h e  same t i m e  over a l a r g e  area, t h e  r e s u l t a n t  r e s e r v o i r s  
are commonly s m a l l  because c l ays tone  and s i l t s t o n e  beds in t e r tongue  both 
l a t e r a l l y  and v e r t i c a l l y  w i t h i n  a s h o r t  d i s t ance .  Ubiquitous la rge-  
s c a l e ,  low-angle c r o s s  s t r a t a  are commonly separa ted  by r e l a t i v e l y  
nonpermeable c lays tone  beds. This  f a c t o r  would s e e m  t o  minimize t h e  
p o t e n t i a l  f o r  s i n g l e  l a r g e  pools  of gas ,  except  where t h e  r e s e r v o i r  
rocks are on t h e  crest of a s t r u c t u r e .  
source  beds are common, however, and cumulat ively may con ta in  much gas.  
Examples of nonmarine u n i t s  which con ta in  such d iscont inuous  r e s e r v o i r s ,  
i nc lude  t h e  W i l l i a m s  Fork, I l es ,  Hunter Canyon, Mount Gar f i e ld ,  Blackhawk, 
and P r i c e  River  Formations and inc luding  i n  some areas both Neslen and 

Ind iv idua l  r e s e r v o i r  t r a p  and 
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F a r r e r  Formations a l l  of t h e  Mesaverde Group, and p a r t s  of t he  younger 
North Horn Formation. 

A l l  T e r t i a r y  rocks i n  t h e  area of s tudy  are be l ieved  t o  be of 
nonmarine o r i g i n . 4 , 5  
age  comes from channel sandstones which w e r e  depos i ted  ad jacen t  t o  swamp 
o r  l a c u s t r i n e  environments.6 
p r e s e n t l y  produced i n  t h e  area is from r e s e r v o i r s  i n  nonmarine Paleocene 
and Eocene rocks.  This  product ion i s  commercial t o  margina l ly  commercial 
(near  t i g h t )  and i s  from s t r a t i g r a p h i c  t r a p s  i n  t h e  Wasatch (or  p a r t  of 
t h e  F o r t  Union Formation of some a u t h o r s ) ,  North Horn, Ohio Creek, and 
Green River Formations. Fouch s t a t e d  t h a t  t h e  t r a p s  i n  these  swamp and 
l a c u s t r i n e  d e p o s i t s  are a func t ion  of (1) change i n  c l a y  conten t  w i t h i n  a 
s i n g l e  channel; (2)  change from one g e n e t i c  sandstone type t o  another ,  
such as a channel t o  a n  a s soc ia t ed  overbank sandstone;  (3 )  change i n  
cementation; and ( 4 )  r e g i o n a l  f a c i e s  changes. Cor re l a t ion  is  d i f f i c u l t  
i n  t h e  nonmarine rock sequences,  and new da t ing  of t h e  rocks i n d i c a t e s  
t h a t  some of t h e  gas  t h a t  has  been be l ieved  t o  have been produced from 
Paleocene u n i t s  i s  probably from r e s e r v o i r s  of Cretaceous age which 
unconformably u n d e r l i e  t h e  T e r t i a r y  rocks  (R. C.'Johnson, o r a l  commun., 
1977). Correc t  c o r r e l a t i o n  is  c r i t i c a l  t o  an  e s t ima t ion  of reserves f o r  
a u n i t  on a r e g i o n a l  b a s i s ,  and pa leonto logic  d a t a  are being obta ined  t o  
c o r r e c t l y  i d e n t i f y  and relate t h e  rocks.  

The gas  produced from nonmarine rocks  of T e r t i a r y  

It i s  noteworthy t h a t  much of t h e  gas  

To d a t e ,  t h e  USGS work i n  t h e  Uinta-Piceance s tudy area has  centered 
on e s t a b l i s h i n g  major r e fe rence  s e c t i o n s  of t h e  o b j e c t i v e  rock u n i t s .  I n  
a d d i t i o n  t o  outcrop d e s c r i p t i o n s  of g e n e t i c  u n i t s ,  specimens are c o l l e c t e d  
f o r  pa leonto logic ,  mineralogic ,  pe t rographic ,  and geochemical a n a l y s i s .  
Severa l  co res  of r e s e r v o i r  rocks  from producing f i e l d s  and core  from near  
outcrop s e c t i o n s  have been descr ibed  i n  d e t a i l  and should be e x c e l l e n t  
material f o r  s t u d i e s  of r e se rvo i r -  and source-rock u n i t s .  A s t r a t i g r a p h i c  
s e c t i o n  of some Upper Cretaceous and lower T e r t i a r y  rocks  t h a t  extends 
from outcrops  a long  t h e  southwest p a r t  of t h e  Uinta  Basin t o  t h e  subsur face  
of t h e  Duchesne and Altamont o i l  and gas f i e l d s  has been completed and 
approved f o r  p u b l i c a t i o n  by t h e  U.S. Geological  Survey. These d a t a  w i l l  
soon be r e l eased  as an  open-f i le  r epor t . 8  The c ross  s e c t i o n  w i l l  relate 
rock groups and types,  engineer ing d a t a ,  p roduct ive  f a c i e s ,  and c o r r e l a t i o n s .  

Greater Green River Basin 

F igure  1 shows t h e  l o c a t i o n  of t h e  Greater Green River Basin s tudy 
area. Sandstone r e s e r v o i r s  having t h e  b e s t  p o t e n t i a l  f o r  gas accumulation 
i n  t i g h t  r e s e r v o i r s  occur  i n  nonmarine d e p o s i t s  of t h e  Upper Cretaceous 
Mesaverde Group and Lance Formation and T e r t i a r y  Paleocene For t  Union and 
Eocene Wasatch Formations. Some p o t e n t i a l  f o r  t i g h t  gas  r e s e r v o i r s  
e x i s t s  i n  marginal-marine rocks  i n  t h e  Mesaverde Group and Fox H i l l s  
Sandstone, and marine sandstone and s i l t s t o n e  above and below t h e  
Mesaverde. I n  a d d i t i o n ,  rocks  of e a r l y  L a t e  Cretaceous age i n  t h e  
F r o n t i e r  Formation have some p o t e n t i a l  f o r  gas i n  t i g h t  sandstone bu t  are 
n o t  c u r r e n t l y  a n  o b j e c t i v e  f o r  s tudy  because t h e  r e s e r v o i r s  are t h i n  
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and of l imi t ed  areal ex ten t .  I n  genera l ,  most marine sandstone has 
b e t t e r  r e s e r v o i r  q u a l i t y  and would no t  be c l a s s i f i e d  as t i g h t .  

Some p r e s e n t l y  commercial product ion is  obtained from F r o n t i e r ,  
Mesaverde, Fo r t  Union, and Wasatch u n i t s  i n  t h e  bas in ,  so i t  is  obvious 
t h a t  a l l  g rada t ions  e x i s t  from good permeable r e s e r v o i r s  t o  t i g h t  rocks.  
A s  of January 1, 1973, t h e  Wyoming p o r t i o n  of t h e  b a s i n  con ta ins  60 
percent  of Wyoming's gas  product ion and reserves and, i n  s p i t e  of t h e  
numerous w e l l s  d r i l l e d ,  t h e  b a s i n ' s  rock volume is  only 2.7 percent  
explored.  Ninety-three percent  of t h e  p r e s e n t l y  commercial gas  i n  t h i s  
p o r t i o n  of Wyoming has  been found i n  Cretaceous and T e r t i a r y  rocks .  
About 44 percent  of t h e  T e r t i a r y  and Cretaceous gas has been found i n  
Mesaverde and younger r e s e r v o i r s .  9 

General ly  t h e  Upper Cretaceous s t ra ta  th icken  from east t o  w e s t  and 
become more nonmarine ( con t inen ta l )  t o  t he  w e s t .  D r i l l i n g  depths  t o  t h e  
base  of t h e  Mesaverde vary  from less than 2,000 f e e t  near  u p l i f t s  t o  
more than  19,000 f e e t  i n  t h e  northwest p a r t  of t h e  bas in .  The p resen t  
s t r u c t u r a l  conf igu ra t ion  of t h e  b a s i n  i s  due t o  tectonism i n  t h e  Upper 
Cretaceous,  Paleocene, and Eocene. 

Present  reconnaissance work has  concentrated on compilat ion of 
publ ished and unpublished s u r f a c e  and subsur face  da t a .  Networks of 
r eg iona l  e l e c t r i c - l o g  s t r a t i g r a p h i c  s e c t i o n s  have been cons t ruc ted  and 
are being c o r r e l a t e d  us ing  l i t h o l o g i c  w e l l  l ogs  and s u r f a c e  d a t a .  
Cor re l a t ions  i n  t h e  t h i c k  c o n t i n e n t a l  sequences are very  d i f f i c u l t ,  and 
micropaleontologic  work i s  underway t o  r e f i n e  age r e l a t i o n s h i p s .  

Some processing of Petroleum Informat ion ' s  Well His tory  Control  
System (WHCS) d a t a  has  been completed i n  work-map form. P r i n t o u t s  of 
WHCS-core, hydrocarbon-show, d r i l l s t e m - t e s t ,  and p res su re  d a t a  have been 
generated.  
areas having above-normal r e s e r v o i r  pressure .  
wel l -pene t ra t ion ,  and r eg iona l - s t ruc tu re  maps have been reques ted  f o r  
processing.  Core samples have been c o l l e c t e d  f o r  pe t rographic ,  geochemical, 
and pa leonto logic  processing.  

The pre l iminary  pressure-gradien t  d a t a  i n d i c a t e  several 
Temperature, 

Northern Great P l a i n s  

The no r the rn  Great P l a i n s  s tudy  area, as shown i n  F igure  1, i s  
s i t u a t e d  i n  e a s t e r n  Montana, western North and.South Dakota, and 
n o r t h e a s t e r n  Wyoming. It comprises a l a r g e  po r t ion  of t h e  W i l l i s t o n  
Basin. This  area has n o t  been included i n  previous n a t u r a l  gas  resource  
r e p o r t s  due t o  l a c k  of engineer ing and geologic  da t a .  Current  
i n v e s t i g a t i o n s  i n  t h e  s tudy  area and t h e  r e c e n t  exp lo ra t ion  and eva lua t ion  
of s i m i l a r  facies  i n  western Canada i n d i c a t e  t h a t  major gas  resources  
are entrapped i n  low-permeabili ty r e s e r v o i r s  of Cretaceous age a t  depths  
of less than  4,000 f e e t .  

These shal low accumulations of gas ,  which c o n s i s t  predominantly of 
methane, a re  t h e  product  of t h e  immature s t a g e  of hydrocarbon genera t ion .  10 
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The methane i s  generated by t h e  breakdown of organic  matter by anerobic  
b a c t e r i a  a t  shal low depths  i n  accumulating sediments and i s  c a l l e d  
b iogenic  gas .  The accumulation of b iogenic  gas i s  favored by t h e  r ap id  
depos i t i on  of organic- r ich  sediments and by t h e  presence of a r e s e r v o i r  
o r  seal  e i t h e r  during peak genera t ion  o r  la ter ,  when u p l i f t  and e ros ion  
cause exso lu t ion  of t h e  gases  from formation waters. The depos i t i on  of 
d i scont inuous  and/or  low-permeabili ty s i l ts ,  sands,  and m a r l s  enclosed by 
t h i c k  sequences of mud dur ing  Cretaceous time i n  t h e  no r the rn  Great 
P l a i n s ,  provided e x c e l l e n t  cond i t ions  f o r  t h e  accumulation of b iogenic  
gas.  

Biogenic gas  i s  cha rac t e r i zed  by t h e  enrichment of t h e  l i g h t  i so tope  
C I 2  i n  methane (6C13-58 ' / o o )  r e l a t i v e  t o  the  PDB s tandard ,  and by 
l a r g e  amounts of methane (C ) re la t ive t o  e thane and heavier  
hydrocarbons (C / C  >0.98). 'Gases from t h e  Bowdoin f i e l d  i n  north-o 1 5  0 c e n t r a l  Montana have 6 C 1 3  va lues  ranging from -68.6 
wi th  hydrocarbon compositions c o n s i s t i n g  of g r e a t e r  than  99 percent  
methane. 
of t h e  no r the rn  Great P l a i n s  province.  

/ o o  t o  -72.3 / o o ,  

These gases  are of b iogenic  o r i g i n  and are considered t y p i c a l  

P rospec t ive  low-permeability gas r e s e r v o i r s  i n  t h e  no r the rn  Great 
P l a i n s  range i n  age  from l a t e  Ear ly  Cretaceous t o  L a t e  Cretaceous.  The 
o b j e c t i v e  r e s e r v o i r s  are t h i n ,  discont inuous s i l t s t o n e s  and sandstones 
enveloped by t h i c k  sequences of s h a l e s .  These s h a l e s  may se rve  as both 
source  rocks  and p o t e n t i a l  r e s e r v o i r s  where n a t u r a l l y  f r a c t u r e d .  More 
p e r s i s t e n t  m a r l s  i n  t h e  Upper Cretaceous Greenhorn, Car l i le ,  and Niobrara  
Formations having h igh  p o r o s i t y  bu t  low permeabi l i ty ,  are probable  t a r g e t s ,  
p a r t i c u l a r l y  i n  t h e  e a s t e r n  p a r t  of t h e  s tudy area. A l l  of t h e s e  t i g h t  
r e s e r v o i r s  w e r e  depos i ted  i n  a low-energy she l f  environment a long t h e  
north-south t rending  Western I n t e r i o r  seaway. I n v e s t i g a t i o n s  by G .  W. 
Shurr (USGS) i n  p a r t  of t h e  s tudy  area show t h a t  paleomovement a long 
l ineaments ,  as mapped from s a t e l l i t e  images, had primary c o n t r o l  on t h e  
d i s t r i b u t i o n  and development of f a c i e s ,  p a r t i c u l a r l y  i n  t h e  s h e l f  s e t t i n g .  
I n  a d d i t i o n ,  f r a c t u r i n g  and f a u l t i n g  along these  l ineaments  w i l l  probably 
lead  t o  enhanced gas  recovery.  Future  s t u d i e s  w i l l  document t h e  in f luence  
of t h e s e  l ineaments  over t h e  e n t i r e  s tudy area on f a c i e s  d i s t r i b u t i o n ,  
f r a c t u r i n g ,  and u l t i m a t e  gas  recovery.  

11 

The r e g i o n a l  s t r a t i g r a p h i c  framework of t h e  p o t e n t i a l  gas-bear i  g 
12,13,14 sequence i n  t h e  no r the rn  Great P l a i n s  has  been e s t a b l i s h e d  by R i c e .  

Regional c r o s s  s e c t i o n s  i l l u s t r a t e  t h a t  t h e  c o r r e l a t i o n  and occurrence of 
mappable u n i t s  of predominantly marine s h a l e  are p r e d i c t a b l e  over a l a r g e  
area. However, t h e  r e s e r v o i r  c h a r a c t e r i s t i c s  and thus  t h e  resource  
p o t e n t i a l  may change d r a s t i c a l l y  over s h o r t  d i s t ances .  Future  s t u d i e s  
w i l l  a t tempt  t o  i d e n t i f y  what parameters are b e s t  f o r  mapping gas p o t e n t i a l .  

F igure  2 i s  a c o r r e l a t i o n  c h a r t  f o r  no r th -cen t r a l  and e a s t e r n  Montana 
and sou theas t e rn  Albe r t a ,  two areas which have had r e c e n t  product ion from 
r e l a t i v e l y  low permeabi l i ty  r e s e r v o i r s .  The most a c t i v e l y  explored area 
i n  no r th -cen t r a l  Montana i s  t h e  Bowdoin gas f i e l d  which covers  an area of 
600 square m i l e s .  Product ion comes from t h e  upper p a r t  of t h e  Belle 
Fourche, t h e  P h i l l i p s  sandstone of subsur face  usage w i t h i n  t h e  Greenhorn 

E-1/11 



Formation, and t h e  Bowdoin sandstone of subsur face  usage wi th in  t h e  
Car l i le  Formation, a t  depths  ranging from 400 t o  1,800 f e e t .  Wells are 
t y p i c a l l y  low volume and are commercial only a f t e r  f r a c i n g ,  bu t  they are 
p red ic t ed  t o  have a long l i f e .  The Canadian equ iva len t  of t h e  Greenhorn 
Formation, t h e  second whi te  specks zone, i s  a l s o  product ive  i n  Alber ta .  
However, t h e  c o r r e l a t i v e s  of t h e  main producing zones i n  Alber ta ,  t h e  
Medicine H a t  Sandstone and Milk River Formation, have n o t  been adequately 
evaluated i n  Montana. Likewise,  t h e  equiva len t  of t h e  product ive  zone i n  
t h e  Carl i le ,  t h e  Bowdoin, has  no t  been adequately t e s t e d  i n  Alber ta .  Our 
i n v e s t i g a t i o n s  i n d i c a t e  t h a t  a l l  of t h e  s e c t i o n  between t h e  Mowry and t h e  
Bearpaw Shales  (Fig.  2 )  has s imi l a r  l og  c h a r a c t e r i s t i c s  and should 
con ta in  p o t e n t i a l  t i g h t  gas  zones i n  t h e  s tudy area. The Eagle Sandstone 
and J u d i t h  River Formation are p o t e n t i a l  t i g h t  gas u n i t s  only eastward of 
t h e  porous and permeable s h o r e l i n e  sandstones.  

The b e s t  documented gas  product ion from t i g h t  r e s e r v o i r s  i n  t h e  
no r the rn  Great P l a i n s  s tudy area occurs  i n  western Canada. Avai lab le  
r e fe rences  have been compiled. l5 
S t a t e s ,  most of t h e  r e sea rch  has  been on s t i m u l a t i o n  and recovery technology 
and no t  on t h e  geologic  framework. The S u f f i e l d  Evaluat ion Committee, 
appointed by t h e  Province of Alber ta ,  evaluated an  area of 1,000 square 
m i l e s  i n  sou theas t e rn  Alber ta  which had a 7 7 - w e l l  program completed i n  
1974. Seventy-six of t h e  w e l l s  were gas w e l l s .  The Committee assigned 
an in-p lace  gas  r e s e r v e  f i g u r e  of 3.7 Tr i l l ion-cubic- fee t  (Tcf) t o  t h e  
area. This  gas-bearing f a c i e s  cont inues  i n t o  Montana and i s  p resen t  over 
an  area of a t  least  35,000 square  m i l e s  i n  t h e  United States '  po r t ion  of 
t h e  no r the rn  Great P l a i n s .  
United S t a t e s '  p o r t i o n  should con ta in  130 Tcf of gas  in-place and recoverable  
gas r e sources  of approximately 90 Tcf .  

However, as i s  t r u e  i n  t h e  United 

Using t h e  S u f f i e l d  Block r e se rve  d a t a ,  t he  

CONCLUSIONS 

The USGS has i n i t i a t e d  geo log ica l  s t u d i e s  aimed a t  c h a r a c t e r i z i n g  
gas r e sources  i n  t h e  western t i g h t  gas  r e s e r v o i r s .  
involves  a l a r g e  amount of compilat ion of s u r f a c e  and subsur face  da t a .  
Approximately 20 pre l iminary ,  r eg iona l  s t r a t i g r a p h i c  s e c t i o n s ,  u t i l i z i n g  
e l e c t r i c  l o g s  and s u r f a c e  s e c t i o n s ,  have been cons t ruc ted  i n  order  t o  
proper ly  c o r r e l a t e  equiva len t  gas-bearing i n t e r v a l s .  Many of t h e  rocks 
being i n v e s t i g a t e d  are nonmarine d e p o s i t s  which have been extremely 
d i f f i c u l t  t o  c o r r e l a t e  i n  t h e  pas t .  
i n  progress  and w i l l  be  r e f i n e d  f o r  pub l i ca t ion .  
s e c t i o n s  have been prepared and are  being analyzed. Pe t rographic  s t u d i e s  
of r e s e r v o i r s  t o  d a t e  have shown t h a t  t h e  d i s t r i b u t i o n  of c l a y s  i n  pore 
t h r o a t s  g r e a t l y  reduces r e s e r v o i r  permeabi l i ty .  Whole-rock, clay-mineral  
ana lyses  show t h a t  a v a r i e t y  of c l ays  are commonly present  i n  a r e s e r v o i r .  
However, when t h e  SEM i s  used i n  conjunct ion wi th  X-ray f luorescence  
s t u d i e s ,  i t  can be  shown t h a t  only one type  of c l a y  may be c r i t i c a l  t o  
permeabi l i ty  and s t imu la t ion  problems. Lack of r ecogn i t ion  of t h e  
d i s t r i b u t i o n  of c l a y s  i n  r e s e r v o i r  beds may account f o r  anomalous r e s u l t s  
of some product ion tests. 

The i n i t i a l  work 

Computer processing of WHCS d a t a  is  
Numerous rock t h i n  

E - l / 1 2  



REFERENCES 

1. 

2. 

3. 

4 .  

5. 

6. 

7 .  

8. 

9. 

10. 

11. 

G i l l ,  J. R . ,  and H a i l ,  W. J . ,  Jr.: " S t r a t i g r a p h i c  Sec t ions  Across 
Upper Cretaceous Mancos Shale  -- Mesaverde Group Boundary, Eas te rn  
Utah and Western Colorado," U.S. Geol. .Survey O i l  and G a s  I nves t .  
Chart  OC-68 (1975). 

Walton, P.  T.: "Geology of t h e  Cretaceous of t h e  Uinta  Basin,  
Utah," Geol. SOC. America Bul l .  (1944) V o l .  55, 91-130. 

Young, R. G.: "Sedimentary Fac ies  and In te r tonguing  i n  the  Upper 
Cretaceous of t h e  Book C l i f f s ,  Utah-Colorado," Geol. SOC. America 
Bul l .  (1955) Val. 66, 177-202. 

Fouch, T.  D . :  "L i tho fac i e s  and Related Hydrocarbon Accumulations i n  
T e r t i a r y  S t r a t a  of t h e  Western and Cen t ra l  Uinta  Basin,  Utah," 
Symposium on Deep D r i l l i n g  F r o n t i e r s  of t h e  Cen t ra l  Rocky Mountains, 
Rocky Mtn. Assoc. Geologis t s  (1975) 163-173. 

Ryder, R. T . ,  Fouch, T .  D . ,  and E l i son ,  J. H . :  "Early T e r t i a r y  
Sedimentation i n  t h e  Western Uinta  Basin, Utah," Geol. SOC. America 
Bul l .  (1976) Vol. 87 ,  496-512. 

Fouch, T.  D . ,  Cashion, W .  B . ,  Ryder, R. T . ,  and Campbell, J.  A . :  

Environments i n  T e r t i a r y  Rocks, Uinta Basin,  Utah," i n  S tud ie s  i n  
Colorado F i e l d  Geology: 
School of Mines, Colorado School of Mines (1976) No. 8, 358-385. 

F i e l d  Guide t o  Lacus t r ine  and Related Nonmarine Depos i t iona l  I t  

Profes s iona l  Cont r ibu t ions  of Colorado 

Fouch, T.  D . :  "Early T e r t i a r y  Cont inenta l  Sedimentation and Hydrocarbon 
Accumulations, Nor theas te rn  Utah (abs . ) , "  Am. Assoc. Petroleum 
Geologis t s  Bul l .  (1975) Vol. 59, 909. 

Fouch, T.  D . :  "Prel iminary Chart  Showing D i s t r i b u t i o n  of Rock 
Types, L i tho log ic  Groups and Depos i t iona l  Environments f o r  Some 
Ear ly  T e r t i a r y  and L a t e  Cretaceous Rocks From Outcrops a t  Willow 
Creek-Indian Canyon Through t h e  Subsurface of t h e  Duchesne and 
Altamont O i l  F i e l d s ,  Southwest t o  North-central  Par ts  of t h e  Uinta  
Basin,  Utah," U.S. Geol. Survey Open-File Report 77-509 (1977). 

C r e w s ,  G. C . ,  Barlow, J. A . ,  and Haun, J .  D . :  "Natural  Gas Resources,  
Green River Basin," i n  Wyoming Geol. Assoc. 25th F ie ld  Conf. Guidebook 
on Geology and M i n e r z  Resources of t h e  Greater Green River Basin 
(September 17-19, 1973) 103-113. 

Rice, D.  D . :  "Origin of and Condit ions f o r  Shallow Accumulations of 
Na tu ra l  G a s , "  i n  Wyoming Geol. Assoc. 27th F i e l d  Conf. Guidebook, 
Geology and Mineral Resources of t h e  Bighorn Basin (1975) 267-271. 

Shurr ,  G. W . :  "Lineament Control  of Sedimentary Fac ies  i n  t h e  
Northern Great P l a i n s ,  Uinted S t a t e s , "  Proceeding of 2nd. I n t e r n a t i o n a l  
Symposium on New Basement Tectonics  ( i n  p r e s s ) .  

E-1/13 



1 2 .  R i c e ,  D.  D . :  " S t r a t i g r a p h i c  S e c t i o n s  From W e l l  Logs and Outcrops of 
Cre taceous  and Pa leocene  Rocks, Northern Great P l a i n s ,  Montana," 
U.S. Geol. Survey O i l  and G a s  I n v e s t .  Char t  OC-71 (1976).  

13.  Rice,  D.  D . :  " C o r r e l a t i o n  Char t  of Cre taceous  and Pa leocene  Rocks of 
t h e  Nor thern  Great P l a i n s , "  U.S. Geol. Survey O i l  and Gas I n v e s t .  
Char t  OC-70 (1976).  

14.  R i c e ,  D.  D . :  " S t r a t i g r a p h i c  S e c t i o n s  From Well Logs and Outcrops of 
Cre taceous  and Pa leocene  Rocks, Nor thern  Great P l a i n s ,  North and 
South Dakota," U.S. Geol. Survey O i l  and Gas I n v e s t .  Char t  OC-72 
(1977).  

15.  R i c e ,  D.  D . :  "Bib l iography of Low-permeability N a t u r a l  G a s  R e s e r v o i r s  
of t h e  Nor thern  Great P l a i n s , "  U.S. Geol. Survey Open-File Report  
77-391 (1977) 1-5. 

1200 I 1 6 O  1120 1080 I 0 4 O  I000 __ 
I I I I I 1 

4 9  

4 5  

41 

37 

Figure 1.--Index map of Rocky Mountain areas with potential f o r  major 

resources of gas in low-permeability reservoirs. 
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MASSIVE HYDRAULIC FRACTURING GAS STIMULATION PROJECT 

C. R. Appledorn and R. L. Mann 
CER Corporation 
P.O. Box 15090 

Vegas, Nevada 89114 La s 

ABSTRACT 

The Rio Blanco Massive Hydraulic Fracturing Project was fielded in 1974 
as a joint Industry/ERDA demonstration to test the relative formations that 
were stimulated by the Rio Blanco Nuclear fracturing experiment. (1) The project 
is essentially a companion effort to and a continuation of the preceding nuclear 
stimulation project, which took place in May, 1973. 

The Rio Blanco projects are located in the northern part of the Piceance 
Basin of Northwestern Colorado (Figure l), one of a number of basins in the 
Western United States that have substantial quantities of natural gas locked 
in tight sand-shale reservoirs. These reservoir rocks are of such heterogeniety 
and have such low permeability, however, that conventional methods of stimulation 
have been ineffective and uneconomical. 

GEOLOGIC SETTING 

The Piceance Basin is one of two large structural downwarps that, with 
their adjacent structural highs, dominate the geologic structure of Northwest 
Colorado. Total structural relief in the Northern Piceance Basin (Figure 2) is 
14,000 ft; more than 20,000 ft of sedimentary rocks are found here, of which 
about half can be classed as tight gas sands and shales. 
duction is found mainly in the basal Green River and a lesser amount in the 
Wasatch, both Eocene. A number of marginal and sub-commercial gas wells tap 
the Fort Union (Paleocene) and Mesaverde (Upper Cretaceous) formations. Lower 
Mesaverde and Mancos production is found in the southernmost part of the Piceance 
and older formations are productive on the adjacent Douglas Creek Arch. 

Commercial gas pro- 

The gas bearing formations of interest in the project area (Figure 31 ,  the 
Fort Union and Mesa Verde, range up to 4,000 ft in combined thickness and are 
estimated to contain as much as 74 billion cubic ft of gas in place per square 
mile. The multiple sandstone reservoirs comprise lenticular shaly and silty 
sands, primarily of fluvial origin, and of relatively limited lateral extent, 
occuring intermittently throughout a thick section of shale and siltstone, as 
shown diagrammatically in Figure 3 .  

RESERVOIR CHARACTERISTICS 

In general, these tight gas formations comprise predominantly shales and 
siltstones with a few cleaner sandstones; the sandstones are frequently shaly 
and silty and contain water-sensitive clays. Net pay is difficult to differentiate 

(1) Prepared for ERDA under Contract No. E(26-11-623 



because of the gradational nature of the strata. Technical information is 
scanty; many times, the tight gas sands have been drilled through and logged, 
recognized as non-commercial, and eliminated from further consideration. As 
a result very little detailed geological information has been made available 
to more accurately assess the potential of these formations. 

In the project area, the Fort Union Formation is about 870 ft thick. 
The partial Saraband Tog (Figure 4), shows graphically the variable nature 
of the potential reservoir sahds, which have substantial clay and silt content 
and grade into the interlayered shales. In the two zones of interest, 5850 - 
5872 ft and 5925 - 6033 ft, core and log analyses indicate a median porosity 
of about 8%, with actual porosities ranging from 2 to 11%, water saturation 
about 50%, and permeability to gas, as measured from dried cores, from 10 micro- 
darcies to 2 millidarcies. 

The Mesaverde Formation (Figure 5) is about 1690 ft thick to the lowest 
sand penetrated, the interval from 6482 - 6800 ft being considered the Upper 
Mesaverde and 6800 - 8172 ft the lower Mesaverde. Figures 5 and 6 depict two 
intervals within the Mesaverde that were considered for fracturing. These sands 
have a range of porosity of 3 to 9% and average about 7%. 
60% and permeability to gas 8 to 60 microdarcies. 

Water saturation is 

The reservoir characteristics of these tight sands are poor at best, and 
as depicted by the logs and verified by minerologic and petrographic studies 
have a variable, but usually substantial, clay and silt content. The gradational 
contacts between the sands and the shales provide little impedance to vertical 
extension of fractures. In conventional stimulation practice the physical 
characteristics and strengths of the two rocks types, shale and sand, are usually 
sufficiently different to control fracture extension. This however, does not 
appear to be the case in the Fort Union and Mesaverde formations in the Piceance 
Basin, because of the shaly-silty nature of the sand and the gradation between 
rock types. There is also some evidence that the shale and silts are more 
brittle than the sands, have a higher incidence of natural fractures, and are, 
therefore, more susceptible to fracturing. AS a result, the design and execu- 
tion of a fracture treatment must be closely controlled to attain the desired 
results. 

Permeabilities in the low microdarcies range, such as are found in the 
Fort Union and Mesaverde, are strongly and adversely affected by liquid sat- 
urations and by compaction. Published results of work on similar tight sands 
have been expanded by similar studies of Rio Blanco cores. In Figure 7A dried 
'core with an air permeability of about 50 microdarcies at surface conditions, 
shows an effective permeability of 5 to 10 microdarcies at confining pressures 
between 2000 and ,3000 psi. In Figure 7B, the compacted samples show no per- 
meability to gas at water saturations between 60 and 80%. 

MHF WELL NO. 3 

The Rio Blanco Unit MHF Well No. 3 is located in Section 11, T3S,  R98W, 
in Rio Blanco County, Colorado, near the center of the Piceance Basin. It is on 
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lands dedicated to the Rio Blanco Gas Unit and is one mile northeast of the 
Rio Blanco Unit E-01, the nuclear emplacement well, (see Figure 3). The MHF 
3 well was spudded on May 21, 1974 and completed on September 13, 1974. A 
total of four strings of casing were set. The 10-3/4 in. OD intermediate casing 
was set at 5603 ft in the top of the Fort Union Formation, casing off all the 
overlying Wasatch and Green River; 7 in. production casing was set at 8162 ft 
in the lower Mesaverde. 

A total of ten cores were cut between 5925 - 7085 ft. Five drill stem 
tests were attempted, but only one was considered successful; one test failed 
and on three tests packers leaked during shut in, a measure of the competency 
of the strata. Air and stable foam were used to drill the hole from 5063 - 
6240 ft. Measurements of gas flow from the open hole section through this in- 
terval aided in determining the reservoir quality of the sands; these rates 
ranged from 10 MCF/D to a maximum of 89 MCF/D. 
and after its completion, the hole was extensively logged. 

During the drilling of the well 

FRACTURE TREATMENTS 

The well has been fractured a total of four times: twice in the lower 
Mesaverde and twice in the Fort Union. A fifth zone, in the Upper Mesaverde, 
was extensively tested but abandoned as being of insufficient quality for frac- 
turing. Our self-imposed limits for fracturing required a minimum of 0.2 md-ft 
productive capacity or 5 microdarcies permeability in the zone. 

Table 1 shows the characteristics and results of each of the fracturing 
treatments. Preparatory operations have been similar for each; the well is 
first perforated dry and the zone allowed to produce naturally for a short 
period. The perforated interval is then broken down with 5,000 to 10,000 gals 
of 2% K C 1  brine using ball sealers to assure breakdown of each perforation. 
This initial treatment is cleaned up and the zone flowed for 5 to 10 days, after 
which the well is shut in for two weeks to one months for pressure build up and 
analysis. This procedure permits the determination of the natural productive 
capacity, kh, upon which determinations of fracture capacity, and to some extent, 
geometry are based. 

After completion of pre-frac analyses, the zone is given a massive hy- 
draulic fracturing treatment. This is followed by a clean up and flow period 
of about two months. 
clean up in order to reduce after flow volume. After gas flow has stabilized 
and about 55 to 60% of the frac load recovered, the well is again shut in for 
buildup, usually for two months. 

A packer is set on tubing above the zone during the initial 

The results of our fracturing treatments are now being analyzed. The 
experiment has essentially been completed, lacking only a flow test of the com- 
bined zones and final analysis. A complete report will be published in the future. 

CONCLUSIONS 

The work in the Rio Blanco Unit MHF 3 was established as an experiment to 
test the usefulness and economics of massive hydraulic fracturing in the Fort 
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Union and Mesaverde sands of the Piceance Basin and to obtain a camparison of 
the technique with nuclear stimulation. Recent large fracturing treatments 
in other selected areas have been very successful, but the success ratio in 
areas of previously non-commercial reservoirs such as the Piceance, Uinta, and 
Green River Basins has been poor. 

The participants in the project have conducted extensive studies to de- 
fine optimum fracturing design and technologies, fluid formation compatibility, 
possible remedial measures, and the variables associated with stimulation in 
these difficult areas. 

In the four treatments, none appear to have fractured laterally as 
designed. In the Fort Union and Mesaverde each well must produce from numerous 
lenses of sand, the lateral extent of which appears to be limited. 
ularity substantially reduces the overall average permeability, formation pro- 
ductive thickness, and effective drainage area available to the fracture. 
Calculated propped fracture lengths are quite short. In our analyses we have 
surmised very low fracture conductivities, 1/5 to 1/20 of design. Current 
analytical techniques assume infinite fracture conductivity. One MHF analytical 
effort has been able to obtain good performance matches in modelling continuous 
sands, but have had to reduce net sand quantity by 75% to match the production 
performance of lenticular sands such as those in the Mesaverde. We postulate 
several possibilities: 
of the fractures instead of horizontal as designed, the sand lenses have sub- 
stantially smaller dimensions than design fracture lengths, and conventional 
logging and analytical techniques available to us are not sufficiently dis- 
criminatory in these environments to differentiate net pay from non-productive 
formation. We think all of these possibilities are operative in the tight gas 
sands. 

This lentic- 

We are fracturing out of zone with vertical propagation 

We need to develop techniques that will define, if not control, the ex- 
tent, shape, and orientation of fractures. This is primarily a function of 
mechanical rock properties and existing rock stresses; our knowledge in these 
areas is deficient. 
sand content, the probable extent and distribution of lenticular sands, and 
the stratigraphic and structural features that affect or control sand distri- 
bution and fracture orientation. 

Geologic analyses are required to define areas of maximum 

Fracturing fluid technology is quite advanced, but additional work is 
required to define viscosity changes with temperature, especially as it relates 
to fracture extension, closure, and proppant transport. In-the first two of 
our treatments we used a polyemulsion suspending type fluid, and the last two, 
a single phase equilbrium bank fluid. Fluid returns after fracturing have been 
comparable for the two types of fluid, except for one abberration: In frac NO. 
1 we had a preferential return of the lighter napthenic-oil over the heavier 
diesel oil from the frac oil mix. 
less than one percent of frac volume, except in the third frac which sanded out. 

Sand recovery after frac has been nominal, 

The reservoir rock properties of commercially productive reservoirs are 
substantially better than in these tight gas sands we are now evaluating. 
are less affected by compaction and relatively slight changes in saturations. 

They 



The usual industry techniques for determining porosities, saturations, and 
permeabilities can be relied upon to produce acceptable if not precise answers 
in those formations. However, as the reservoir rock properties become poorer, 
the standard industry practices for determination of these variables becomes 
suspect. 
is critical. Determinations of bottom hole temperatures, pressure and porosity 
appear to give reasonable results. However, accurately defining water, oil and 
gas saturations, permeability, and differentiating net pay, particularly under 
in situ conditions, are major areas where the present technology is lacking. 
Techniques must be refined to define these values in tight, shaly-silty sands, 
and their relation to productivity. 

The need for new and better techniques for evaluation of the parameters 

With the current state of technology, our best determinative technique 
is still long term testing. Accurate predictions of production depend upon 
reliable pressure testing, and in tight sands of the Western Rocky Mountains, 
this currently requires long term flow, followed by long term build up; each 
phase on the order of two to four months. 
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ZONE 

PERFS 
BHT 
NAT. FLOW 
AFTER B.D. 
BHP 
MHF 

FRAC RATE 
TREAT PRESS. 
lSlP 
FLUID REC. 
GAS RATE 
PROD. CAP. 
CALCULATED 

FRAC LENGTH 
(Type Curve Match) 

REMARKS 

of Petroleum Technology, Vol. 24, February 

TABLE 1 
F R A CT U RING T R EAT M EN T S- M H F 3 

I 
8048-8078 11. 
L. Mesa Verde 
Single Sand 

25 
242°F 

1 MCFlD 
60 MCFlD 
3450 psi 

pended bed. 
117,500 gal. 
400,000 I bs 
Naptha-type Diesel 
mix refined oil, 
kcl brine 

4880-5800 psi 
4500 psi 

60.7 MCFlD 
0.15 md-ft 

POIY E, SUS- 

16-22 BPM 

59% 

110 - 170 

Sand Return 
Negligible 

- 2 
7760-7864 ft. 6736-6806 ft. 
L. Mesa Verde U. Mesa Verde 
Multiple Sands Multiple Sands 

40 12 
225°F 210°F 

57.3 MCFIC 27.7 MCFlD 
-- 2828 psi 

POIY E, SUS- No Frac 
pended bed. 
285,000 gal 
880,OOO Ibs 
Naptha-type Refined 
oil, kcl brine 

5-10 MCFlD 5-10 MCFlD 

45 BPM 
3800-5300 psi 
3170 psi 

137 MCFlD 
.3 md-ft 0.017 md-ft 

59.5% 

150 

Plugged by fm. Zone Squeezed 
solids (Fe minerals.) 
Rec. 7000 Ibs sand. 

3 
5925-6016 ft. 
Fort Union 
Multiple Sands 

20 
201°F 

42.5 MCFlD 
-- 

Logel kcl brine, 
Equilibrium 
Bank. 
344,000 gal 
809,000 Ibs 

20-25 BPM 
800-5500 psi 
Sand Out 

160 MCFlD 
.3-.5 md-ft 

100 

65.5% 

Zone Squeezed 

4 
5851-5869 ft. 
Fort Union 
Single Sands 

36 
197°F 

56 MCFlD 

2092 psi 
Logel kcl brine, 
Equilibrium 
Bank. 
228,000 gal 
448,000 Ibs 

-- 

15-25 BPM 
1200-5000 psi 
4450 psi 

69 MCFlD 
.3 md-ft 

56.4% 

20' - 30' 

Rec. 6200 Ibs 
Sanddou t  on frac- sand 
rec. 37000 Ibs sand. 
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FIGURE 7 A  Permeability as a function 
of confining pressure. 
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FIGURE 7B Permeability as a function 
of water saturation. 
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DEMONSTRATION OF M A S S I V E  HYDRAULIC FRACTURING 

MESAVERDE FORMATION, PICEANCE BASIN, COLORADO 

by 

J. L. F i t c h  

Mobil Research and Development Corporation 

P. 0. Box 900 

Dal las, Texas 75221 

Abstract 

Demonstration o f  the e f f i c i e n c y  and economics of  massive hyd rau l i c  f r a c t u r i n g  
(MHF) i n  l o w  permeabi l i ty  gas reservo i rs  i s  the ob jec t i ve  o f  t h i s  pro ject .  It 
i s  being conducted by Mobil  Research and Development Corporation w i t h  support 
from the United States Energy Research and Development Administrat ion. The 
t e s t  s i t e  i s  the Piceance Basin i n  western Colorado. The Mesaverde Formation 
in  t h i s  basin i s  more than 2500 f e e t  t h i c k  and contains numerous gas bearing 
sands. Mobil  has conducted one MHF t e s t  i n  the Basin which f a i l e d  t o  achieve 
commercial product ion because o f  extremely low reservo i r  permeabi 1 i ty .  

The current  t e s t  i s  i n  the Piceance Creek Federal Uni t ,  Section 13, TZS, R97W, 
Rio Blanco County, Colorado. The w e l l  has  been d r i l l e d ,  logged, and cased t o  
10,800 feet.  Cores were taken a t  8840-8500 and gg40-10,OOO feet.  
core analysis gives po ros i t y  o f  the sands less than 10% and s p e c i f i c  permeabi l i ty  
less than 0.1 md. Logs o f  the Mesaverde Formation i n  the t e s t  w e l l  are s i m i l a r  
i n  character t o  those obtained i n  the nearby w e l l  No. 54-13. 

Standard 

The lowest i n t e r v a l  containing sands suspected t o  be o f  rese rvo i r  q u a l i t y  has 
been per forated from 10,549 t o  10,680 feet.  Gas i n f l ow  r a t e  a f t e r  pe r fo ra t i ng  
was estimated a t  250 MCF per day, dec l i n ing  t o  about 100 MCF per day a f t e r  
f l ow ing  f o r  about two days. 

If add i t i ona l  t e s t i n g  shows the i n t e r v a l  t o  be s u i t a b l e  f o r  MHF, it w i l l  be 
f ractured w i t h  about 600,000 pounds o f  sand c a r r i e d  by a c e l l u l o s e  gel. 
i n t e r v a l s  w i l l  be tested f o r  s u i t a b i l i t y  f o r  MHF and up t o  s i x  f r a c t u r i n g  treatments 
performed. Completion o f  the p r o j e c t  i s  scheduled f o r  l a t e  1978. 

Addi t ional  

Prepared f o r  the U.S. Energy Research and Development Administrat ion under 
Contract No. EY-76-C-08-0678. 
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DEMONSTRATION OF M A S S I V E  HYDRAULIC FRACTURING 

MESAVERDE FORMATION, PICEANCE BASIN, COLORADO 

INTRODUCTION 

Demonstratlon of t h e  commerclal f e a s l b l l l t y  o f  massfve h y d r a u l l c  f rac -  
t u r l n g  (MHF) I n  t h e  Mesaverde Formatlon o f  t h e  Plceance Basln, Colorado, 
Is t h e  purpose o f  t h l s  p r o j e c t .  
(Mob l l )  and t h e  U.S. Energy Research and Development Admln l s t ra t l on  (ERDA) 
a re  j o l n t l y  fundlng t h e  p r o j e c t .  I t  Is genera l l y  recognlzed t h a t  
vas t  q u a n t l t l e s  o f  na tu ra l  gas are  present I n  t h e  Mesaverde Formatlon 
I n  t h e  Rocky Mountain Provlnce. The Mesaverde Is more than 2500 ft. 
t h l c k  I n  t h e  Plceance Basln and conta lns  numerous gas-bearlng sands. 
Mobll's p r i o r  e f f o r t s  t o  develop t h l s  resource and p lans for t h e  cu r ren t  
p r o j e c t  have been dlscussed I n  a prev lous paper1. Lack of cornmerclal 
success by Mobll ,  and others2, I n  t h e  Plceance Basln Is a t t r f b u t e d  
t o  t h e  extremely low permeab l l l t y  o f  t h e  Mesaverde sands. 

Mob11 Research and Development Corporat lon 

S l t e  of t h e  Moblf-ERDA t e s t  Is t h e  Plceance Creek F l e l d  whlch Is located 
on a la rge  s t r u c t u r e  I n  t h e  nor theastern p a r t  of t h e  Basln. L lm l ted  
t e s t  data from two prev lous Mesaverde penet ra t lons  I n  t h e  F l e l d  
l n d l c a t e  t h a t  a t  l eas t  some of t h e  Mesaverde sands have p r o p e r t l e s  
whlch a re  favorable for apyl l c a t l o n  o f  MHF1. 

PROGRESS OF THE PROJECT 

The t e s t  we l l  Is I n  Sect lon 13, TZS, R97W, R o Blanco County, Colorado. 
The we l l  was d r l l l e d  and cased by Slgnal D r l  l l n g  Company, R l g  No. 5 
I n  68 days, beglnn lng A p r l l  2, 1977. Seven nch cas lng was se t  t o  near 
t h e  t o t a l  depth of 10,800 f e e t  and cemented rom T.D. t o  about 8,100 feet ,  I n  
a s i n g l e  stage, us lng a hlgh-strength, I l gh t -we lgh t  cement. 

Cor I ng 

Cores were taken I n  t h e  I n t e r v a l s  8440-8500 and 9940-10,000 f t .  
Approxlmately one-half o f  t h e  cored ma te r la l  Is c l a s s l f l e d  as 
sandstone. 
about 5 t o  lo%, averaglng about 8%. Spec f f l c  pe rmeab l l l t y  o f  a l l  
samples Is less than, or equal to, 0.1 md. Core ana lys l s  r e s u l t s  
a re  shown I n  Table 1 .  Tests o f  pe rmeab l l l t y  under c o n f l n l n g  
s t r e s s  cond l t l ons  have been performed on se lec ted  samples; these 
r e s u l t s  a r e  shown i n  Table I I .  Permeab l l l t y  of these samples Is a l s o  
belng measured under s lmulated format lon cond l t l ons  of c o n f l n l n g  s t r e s s  
and water sa tura t lon ,  bu t  t h e  r e s u l t s  a re  n o t  y e t  ava l lab le .  Although 
these data a r e  q u l t e  I lm l ted ,  t h e  r e s u l t s  suggest t h a t  l n - s l t u  pe rmeab l l l t y  
of t h e  sands represented by these samples Is i n  t h e  mlcro-darcy range. 

Standard core  ana lys l s  shows t h a t  p o r o s l t y  v a r l e s  from 
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Logg I n g  

Open-hole logs Included; dua l - Induc t ion  w t h  SP, Compensated 
Sonlc w l t h  Y-ray, Compensated Densl ty  and Neutron Poros l ty ,  
and 4-Arm Ca l lper .  A l l  logs were r u n  t o  0,600 ft., t h e  o r l g l n a l  
planned depth. A good mud gas show near 0,600 ft., lead t o  a 
dec ls lon  t o  d r l l l  t o  10,800 f t .  lnduc t lon  and Sonlc logs were r u n  
over t h l s  a d d i t i o n a l  i n t e r v a l .  

The log  c h a r a c t e r l s t l c s  a re  s l m f l a r  t o  those recorded I n  near-by 
we l l  No. 54-13. Some of t h e  sands can be c o r r e l a t e d  from we l l  t o  wel l ;  
a m a j o r l t y  o f  t h e  sands can not, suggestlng t h a t  t h e  ex ten t  of most sand 
lenses Is l ess  than about 2000 f t .  (The d ls tance between t h e  sur face 
l oca t l on  o f  these two w e l l s  is about 1700 f t . )  

Core data were used t o  c a l l b r a t e  t h e  p o r o s l t y  logs. 
of t h e  sands va r les  from about 5 t o  12% w l t h  a few t h i n  I n t e r v a l s  havfng 
p o r o s l t y  up t o  15%. 
due t o  unce r ta ln t y  I n  Rw. None of t h e  sands can be s a l d  w l t h  confldence 
t o  have 100% water s a t u r a t l o n  and no format lon water samples have been 
obtafned whlch a re  known t o  be f ree  o f  contamlnatlon, e l t h e r  by f l u i d s  
Introduced through t h e  we l lbore  or by water condensed from produced gas. 
Because o f  t h l s  uncer ta ln ty ,  ne t  pay can on ly  be determlned by flow 
tes ts .  The logs a re  belng made a v a l l a b l e  t o  comrnerclal l og  ln fo rmat lon  
se rv l ce  companies. 

Log der lved  p o r o s l t y  

Water s a t u r a t l o n  i s  very d l f f  l c u l t  t o  determlne 

Test I n g  

I n t e r v a l s  which con ta ln  promls lng sands w l l l  be per forated,  broken down 
w l t h  a small amount o f  f l u l d  pumped a t  f r a c t u r l n g  pressure, and flow 
tested.  
a comblnatlon no ise  and temperature l o g  wlll be r u n  t o  determfne t h e  l o c a t l o n  
and approxlmate amount of gas flow. 

I n  a d d l t l o n  t o  t h e  usual flow r a t e  and pressure bu l l dup  data, 

The f l r s t  zone t e s t e d  Is a t  10,549-10,680 f t .  Th i s  131-ft .  f n t e r v a l  
con ta lns  some 60 f t .  o f  "sandt1. The e n t i r e  I n t e r v a l  was pe r fo ra ted  
w f th  49 j e t  shots. 
determlne t h e  number of these shots  which penetrated t h e  caslng. The 
r e s u l t s  show 35 p o s l t l v e  ho les  and 7 probable holes. Natura l  flow 
from these pe r fo ra t fons  was 250 MCF/day d e c l l n l n g  t o  about 100 MCF i n  
two days. 

The Borehole Te'levlewer (BHTV) was run  t o  

A breakdown t reatment  was performed w f t h  5000 gal. of 2% KCI  pumped 
a t  8 bbl/mln; 70 b a l l s  were dropped dur lng  t h e  t reatment  bu t  b a l l - o f f  
was n o t  achieved. 
d e c l l n l n g  r a p l d l y .  
-4; these r e s u l t s  a re  shown I n  F l g u r e  1 .  

Peak flow r a t e  a f t e r  t h e  t e s t  was about 400 MCF/day, 
A pressure bu l ldup shows k h  = 0.3; s k l n  about 
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Fractur I ng 

A declslon has been made to fracture the Interval 10,549-10,680 ft. 
even though It does not have the deslred 0.5 md-ft. 
was based on the followlng conslderatlons: 

Thls declslon 

1.  The zone Is somewhat thlnner than anticlpated and Its 
permeablllty Is In the range deemed acceptable, I.e., 
equal to or greater than 0.005 md. 

2. The 0.5 md-ft crlterlon may be too restrlctlve because 
It was based on calculatlons of economics whfch assumed a 
lower gas prfce than that whfch will probably be obtalned. 

3. The zone has relatlvely good log-derived propertles and 
exhlblted the best mud gas show obtalned In the well. 

4. A fracture treatment would provlde valuable data for use In 
evaluatlon of test data from shallower zones. 

5. Sequentlal upward perforatlng and testlng, without fracturlng, 
places serious mechanlcal constrafnts on-subsequent fracturing 
of the lower, bypassed zones, If thls should prove deslrable. 

The fracture treatment has been deslgned to accomplish several 
object I ves : 

1 .  To posltlvely prop the fracture over most of.lts height, 
sfnce the top-most sand appears to be the best one In the 
I nterva I .  

2. To frac the entlre interval by the Ilmlted-entry technlque. 

3. To obtain a propped fracture long enough to obtain a hfgh 
degree of stlmulatlon of lenses assumed to be of the order 
of 1000 ft. In total length but short enough to reduce the 
chances of the fracture propagatlng out of the zone. 

4.  To test the effectlveness of a relatfvely low cost treatment 
in thls formatlon using an aqueous fluid. 

The treatment selected to accompllsh the above objectlves calls for 
600,000 pounds of 20/40 mesh sand carrled by a 40 pound/1000 gallons 
cellulose gel at 60 barrels per minute. 
gfven I n  Table I l l .  The treatment I s  scheduled for June 22. 

Detalls of the treatment are 
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FUTURE PLANS 

A f t e r  f r a c t u r l n g  t h e  we l l  w l l l  be flowed a t  a measured r a t e  f o r  a t  
l eas t  t h r e e  days then shut  i n  for a bu i ldup f o r  a t  l e a s t  t w l c e  t h e  
flow perfod. Noise-temperature logs w l l l  be r u n  dur ing  t h e  f low 
pe r iod  t o  determlne t h e  p o l n t s  o f  gas I n f l u x  and t h e  approximate 
amount of f low a t  each po ln t .  

Fo l l ow lng  f r a c t u r i n g  and flow t e s t i n g  o f  t h e  f l r s t  zone, It w i l l  be 
plugged o f f  and another zone w i l l  be se lec ted  f o r  t e s t l n g .  
same procedure w l l l  be used I n  t e s t i n g  o f  a d d i t i o n a l  zones as f o r  
t h e  f l r s t  one, l.e., per fo ra te ,  r u n  BHTV, breakdown w l t h  KCI, flow, 
run  nolse-temperature log, per form pressure bui ldup. S u l t a b l l i t y  
of t h e  zone f o r  MHF w i l l  be determlned from t h e  t e s t  d a t a  and from 
t h e  r e s u l t s  o f  t h e  f r a c  j ob  on t h e  f i r s t  zone. 
found s u i t a b l e  f o r  MHF, It w l I I  be f r a c t u r e d  and t e s t e d  I n  t h e  same 
manner as t h e  f l r s t  zone. I f  t h e  zone t e s t e d  Is determlned t o  be 
n o t  s u l t a b l e  f o r  MHF a d d l t i o n a l  zones w l l l  be s l m l l a r l y  t e s t e d  
u n t i l  a s u i t a b l e  zone I s  found. I t  Is estlmated t h a t  as many as 
6 i n t e r v a l s  w i l l  be f rac tu red .  Present p lans ca ' l l  f o r  3 f r a c  jobs 
I n  1977 and 3 I n  1978. 

The 

I f  t h e  zone Is 
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FIGURE 1 

PRESSURE BUILDUP DATA 

PICEANCE CREEK WELL F31-13G 
10,549-1 0,680 INTERVAL 
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TABLE i 

(Continued) 

Pressure-Ps i 

500 
1000 

2000 

3000 
5000 

Porosity % 

C O R E  LABORATORIES, INC. 

Prtrolrnrn Rrrrrvorr  E n l i n r t r r n l  
D A L L A S .  T E X A S  

Permeabi l i ty  i n  Md 

8463 8468 9953 9960 

.0159 .0190 .0187 .0316 

.0128 .Or40 .0151 ,0246 

.0083 .0089 .0094 .0141 

.0054 .0051 .0064 .0100 

.0030 .0025 .0038 ,0048 

7.7 7.8 4.7 7.3 

DEPTH - 

8443-  8448 

8448- 8452 

8460- 8468 

8492-  8498 

8498- 8500 

9947- 9954 

9954- 9972 

9983- 9988 

9992-10000 

HORIZOSTAL SATLXTIOS G R X I N  
E R U 3 j j l l T T V  Md POROSITY OIL Wb T?: 3 32?:SITY 

<o. 1 

<o. 1 

<o. 1 

<o. 1 

<o. 1 

< 0 . 1  

<o. 1 

< 0 . 1  

<o. 1 

8 . 6  

3 . 7  

7 . 5  

8 . 0  

4 . 8  

6 . 7  

8 . 6  

4 . 5  

6 . 9  

0.0 5 5 . 8  

0.0 5 5 . 1  

0.0 5 1 . 5  

0.0 6 5 . 0  

0 . 0  7 3 . 0  

0.0 5 7 . 1  

0 . 0  49.7 

0.0 6 3 . 6  

0.0 45.3 

TABLE I I 

PERMEABILITY OF SELECTED SAMPLES UNDER 

CONFINING STRESS AND SIMULATED RESERVOIR CONDITIONS 

2 . 6 9  

2.70 

2.69  

2 . 6 8  

2 . 6 9  

2 . 6 8  

2 . 6 8  

2 . 6 9  

2 .68  

E-3/10 



TABLE I I  I 

Gel: 40 lbs. o f  c e l l u l o s e  polyrner/1000 gal  

Sand: 20-40 mesh 

Pump Rate: 60 barrels/min. 

Treatment Schedule: 

Incremental Vol., Gal. 

10,000 

150,000 

80,000 

33,000 
15,000 

Totals 288 , 000 

Sand, 1 bs/ga 1 Sand, pounds 

0 (pad) 0 

24 200,000 

3 100,000 

0 (Flush) 0 

600, ooo 

2 300,000 

Calculated Frac Propert ies:  

Created Length: 1700 f t .  (wel lbore t o  t i p )  

P ropped Length : 700 ft. (wellbore t o  t i p )  

Created Width: 0.55 in .  

Propped Width: 0.38 in. 

Propped Height: 130 ft. 

Data Used i n  the Calculat ions Above Include: 

Frac height  (assumed): 150 ft. 

Fox f i e l d  ( e f f e c t i v e )  stress:  2000 p s i  

Poros i t y  : 10% 

Young's Modulus: 5 x 10 

K' (consistency index o f  f r a c  f l u i d ) :  0.001 

N '  (f lw behavior index o f  f r a c  f l u i d ) :  0.75 

6 
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THE RULISON FIELD 
MASSIVE HYDRAULIC FRACTURING EXPERIMENT 

By: 

Miles Reynolds, Jr .  
Aus t r a l  O i l  Company Incorporated 

2700 Exxon Bui ld ing  
Houston, Texas 77002 

ABSTRACT 

The Rulison F i e l d ,  G a r f i e l d  County, Colorado, has  seven 
producing gas  w e l l s  completed i n  t h e  Mesaverde formation.  One of 
these w e l l s ,  t h e  Federa l  #3-94, w a s  s e l e c t e d  f o r  a massive hy- 
d r a u l i c  f r a c t u r i n g  experiment.  The Federa l  #3-94 has  a producing 
h i s t o r y  of more than  t e n  years .  

The experimental  f r a c t u r e  t r e a t m e n t  w a s  a p p l i e d  i n  t w o  
s t a g e s  t r e a t i n g  s e p a r a t e l y  t h e  g r o s s  p e r f o r a t e d  i n t e r v a l s  from 
6198' t o  6363' (S tage  1) and 5170' t o  5630' (S tage  2 ) .  Approxi- 
m a t e l y  485,000 g a l l o n s  of g e l l e d  water, 1 ,070,000 pounds of sand 
and 500 s t anda rd  cub ic  f e e t  of n i t r o g e n  p e r  b a r r e l  were used. A 
b r i e f  c leanup flow pe r iod  was allowed between s t a g e s .  The frac- 
t u r e  t r e a t m e n t s  w e r e  performed i n  August 1976. 

The  t r e a t m e n t  was designed t o  extend a f r a c t u r e  approxi-  
m a t e l y  1400' from t h e  wel lbore  wi th  a propped f r a c t u r e  width of 
0.176 i n c h e s .  The product ion i n c r e a s e  w a s  expected t o  range from 
5 . 5  t o  6 . 2  t i m e s  t h e  pre- t reatment  r a t e  of 35 thousand s t anda rd  
cubic  f e e t  p e r  day. 

The r e s u l t s  of t h e  massive h y d r a u l i c  f r a c t u r i n g  t r e a t m e n t  
w e r e  poor .  Product ion of g a s  w a s  enhanced by a f a c t o r  of less 
t h a n  2.  The  average flow rate  dur ing  e a r l y  1977 w a s  about 50 
thousand cub ic  f e e t  p e r  day. The l a c k  of success  is  a t t r i b u t e d  
t o  both low r e s e r v o i r  pe rmeab i l i t y  and a r e s t r i c t e d  r e s e r v o i r  due 
t o  sand l e n t i c u l a r i t y .  

Prepared f o r  t h e  Energy Research and Development Adminis t ra t ion  
Under Cont rac t  No. EY-76-C-08-0679. 
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I .  Hi s to ry  of Rul ison F i e l d  

The Rulison F i e l d  (F igu re  1) discovery  w e l l ,  Juhan #1, 
G a r f i e l d  County, Colorado, w a s  completed i n  t h e  gas  bea r ing  
Mesaverde formation i n  1952. Subsequent d r i l l i n g  through 1956 
r e s u l t e d  i n  s i x  ( 6 )  a d d i t i o n a l  Mesaverde w e l l  complet ions.  

Two a d d i t i o n a l  Mesaverde w e l l s  were completed by Aus t r a l  O i l  
Company i n  1966 t o  g a t h e r  d a t a  f o r  t h e  P r o j e c t  Rul ison f e a s i b i l i t y  
s tudy .  P r o j e c t  Rulison w a s  a j o i n t  industry-government experiment 
t o  assess t h e  f e a s i b i l i t y  of s t i m u l a t i n g  t h e  f low and recovery of 
n a t u r a l  gas  from t h e  Mesaverde formation by f r a c t u r i n g  wi th  a 
conta ined  nuclear  exp los ive .  The p r o j e c t  w a s  completed i n  1971. 
(See References)  

One of t h e  w e l l s  which w a s  completed i n  1966, t h e  Federa l  
#3-94, w a s  s e l e c t e d  f o r  t h e  massive h y d r a u l i c  f r a c t u r i n g  exper i -  
men t  desc r ibed  h e r e i n .  

11. Federa l  #3-94; Completion and Product ion H i s t o r y  

The Federa l  #3-94 w a s  completed i n  t h e  Mesaverde formation 
w i t h  a 7" cas ing  l i n e r  f u l l y  cemented from 4432' t o  6505 ' .  
P e r f o r a t i o n s  i n  t h e  7" c a s i n g  span t h e  i n t e r v a l  from 5170' t o  
6353' and are grouped as fo l lows :  

1. 5170-5434'; 20 h o l e s  ( s e l e c t i v e  p e r f o r a t i o n s )  

2 .  5484-5630'; 20 h o l e s  ( s e l e c t i v e  p e r f o r a t i o n s )  

3.  6198-6205'; 14 h o l e s  ( 2  h o l e s / f o o t )  

4.  6333-6353'; 20 h o l e s  (1 h o l e / f o o t )  

Each group of p e r f o r a t i o n s  w a s  i n i t i a l l y  ( o r i g i n a l  comple- 
t i o n )  t r e a t e d  wi th  t h e  fo l lowing  volumes of f l u i d  (water i n h i -  
b i t e d  wi th  2% potassium c h l o r i d e )  and propping agent :  

P e r f o r a t i o n  Group Gal lons  F l u i d  Pounds 20-40 Mesh Sand 

1 50,568 46,200 

2 81,900 83,538 

3 42,000 42,000 

4 53,300 60,000 



T h i s  t r e a t m e n t  r e s u l t e d  i n  an  i n i t i a l  p roduc ing  p o t e n t i a l  
o f  595 thousand  s t a n d a r d  c u b i c  feet  of gas p e r  day. Upon sub- 
s e q u e n t  c o n n e c t i o n  t o  a p i p e l i n e ,  t h e  w e l l  e x h i b i t e d  a b e h a v i o r  
t y p i c a l  of t h e  w e l l s  i n  t h i s  f i e l d  ( F i g u r e  2 ) .  A s t e a d y  d e c l i n e  
i n  b o t h  f l o w  r a t e  and p r e s s u r e  were obse rved  th rough  1970. 
Thereafter t h e  f l o w  r a t e  w a s  governed by t h e  f l u c t u a t i o n s  i n  
p i p e l i n e  p r e s s u r e .  A s  of J u l y  30, 1976,  and p r io r  t o  MHF t reat-  
ment ,  cumula t ive  p r o d u c t i o n  from t h e  w e l l  w a s  181.228 m i l l i o n  
s t a n d a r d  c u b i c  fee t .  

The s e l e c t i o n  of t h i s  w e l l  f o r  a mass ive  h y d r a u l i c  f r a c t u r -  
i n g  exper iment  w a s  on t h e  basis  of  (1) b e i n g  i n  mechan ica l ly  
sound c o n d i t i o n ,  ( 2 )  hav ing  s e v e r a l  y e a r s  of  p r o d u c t i o n  h i s t o r y ,  
and ( 3 )  b e i n g  l o c a t e d  i n  a p a r t  of t h e  f i e l d  where c o n s i d e r a b l e  
i n f o r m a t i o n  is known abou t  t h e  c h a r a c t e r i s t i c s  of  t h e  g a s  re- 
s e r v o i r ,  i . e . ,  p o r o s i t y ,  p e r m e a b i l i t y ,  t h i c k n e s s ,  water s a t u r a t i o n .  

111. Massive H y d r a u l i c  F r a c t u r e  T r e a t m e n t  Design 

Basic r e s e r v o i r  and  w e l l  d a t a  ( F i g u r e  3 )  were s u b m i t t e d  t o  
t h e  t w o  major  o i l  f i e l d  s e r v i c e  companies i n  o r d e r  t o  deve lop  t h e  
b a s i c  f r a c t u r i n g  t r e a t m e n t  p r o p o s a l .  The f i n a l  a c c e p t e d  d e s i g n  
employed a two-stage t r e a t m e n t  s e p a r a t i n g  p e r f o r a t i o n s  i n  Group 1 
and 2 from Group 3 and 4 (see l i s t  above ) .  

The lower p e r f o r a t i o n s  (Group 1 and 2 )  were i s o l a t e d  by 
means of  t u b i n g  (2-7/8" OD) and p a c k e r  and were t r e a t e d  w i t h  
app rox ima te ly  205,000 g a l l o n s  of  f l u i d  c o n t a i n i n g  420,000 pounds 
of s a n d  (140 ,000  pounds 20/20 mesh, 280,000 pounds 10 /20  mesh) 
and  500 s t a n d a r d  c u b i c  feet p e r  barrel  of  n i t r o g e n .  A f t e r  a 
b r i e f  c l e a n u p  f l o w  p e r i o d ,  t h e  lower p e r f o r a t i o n s  were i s o l a t e d  
w i t h  a r e t r i e v a b l e  p l u g  and t h e  upper  p e r f o r a t i o n s  (Group 3 and 
4 )  were treated w i t h  approx ima te ly  280,000 g a l l o n s  of t h e  same 
f l u i d  c o n t a i n i n g  approx ima te ly  650 ,000  pounds of sand  (350,000 
pounds 20/40 mesh, 300,000 pounds 10 /20  mesh) and 500 s t a n d a r d  
c u b i c  feet  of n i t r o g e n .  The f r a c  f l u i d  used  w a s  Dowel l ' s  water 
base c o n t r o l l e d  gel ( t r a d e  name YF4G). Sand c o n c e n t r a t i o n s  as 
h i g h  as 4 pounds p e r  b a r r e l  f l u i d  were ach ieved .  

The f r a c t u r e  t r e a t m e n t  w a s  d e s i g n e d  t o  e x t e n d  propped 
f r a c t u r e  l e n g t h  approx ima te ly  1400'  from t h e  wellbore. The 
propped f r a c t u r e  w i d t h  w a s  c a l c u l a t e d  t o  be 0.176 t o  0 .179 i n c h e s .  

P r o d u c t i o n  increase w a s  e x p e c t e d  t o  r a n g e  from 5.5 t o  6 . 2  
t i m e s  greater t h a n  t h e  p r e - t r e a t m e n t  r a t e  of approx ima te ly  35 
thousand s t a n d a r d  c u b i c  feet of gas p e r  day.  
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I V .  Post-Treatment Results 

Following the execution of the fracturing treatments, the 
well was recompleted with a string of 2-3/8" OD production tubing 
suspended without a packer to a depth just above the perforations. 
The well was flowed to a pit for a period of several days prior 
to reconnection to the pipeline. A considerable amount of 
swabbing was required to remove large quantities of frac fluid 
and enable the well to flow. After recovery of approximately 
50%-60% of the frac fluid, the well was able to flow intermit- 
tently into the pipeline. Additional swabbing was required on 
occasion. The post-treatment results are shown in Figure 4.  

V. Analysis of Fracture Treatment Results 

have not been encouraging. The relatively low natural reservoir 
energy coupled with continued influx of fracturing fluids into 
the wellbore have prevented the well from flowing on a sustained 
basis. Installation of a production packer above all perfora- 
tions and later between perforation Groups 2 and 3 did not result 
in improved well performance. 

The results of this massive hydraulic fracturing treatment 

From the post-treatment data it would appear that production 
of gas has been enhanced by a factor of less than 2. 

VI. Cost of Program 

The direct costs incurred for this experiment are as follows: 

1. Fracturing services ..................... $ 
2. Rig ..................................... 
3. Equipment, tool rentals ................. 
4. Water, hauling .......................... 
5. Other trucking costs .................... 
6. Completion services ..................... 
7. Location preparation .................... 
8. Other miscellaneous costs ............... 

................ 9. Project management costs - 

251,000* 
34,000* 
17,000 

7,000 
4,000 

9,000 

2, ooo* 
1,000 
12,000 

TOTAL .............. $ 337,000 

* Reimbursed by ERDA 

E-4/4 



VII. Conclusions 

It is concluded that the application of massive hydraulic 
fracturing techniques in the Federal #3-94 Well has not been 
successful in stimulating the flow and recovery of natural gas 
from the Mesaverde formation. The lack of success is attributed 
primarily to both low reservoir permeability and a restricted 
reservoir due to sand lenticularity. Only a slight increase in 
flow rate was achieved, but is overwhelmed by the cost to achieve 
this increase. 
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I COLORADO i 
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The Project Rulison Open File System contains feasibility 
studies, project data and safety contractor reports. Such 
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FIGURE 2 

Frac Interval 5170-5434' 

Perforated 
Gross Zone Zone 

5156 - 5185'  5170-5186.5' 

5284 - 5327'  5304-5330' 

BHTP 
psI 

3937 

3937 

BHP* 
psI 

1500 

1500 

k Gross Net No. 
Sand Sand Perfs. 

Q 
3 md - - -  
12 .01* 29 '  21  ' 5 

8 .01* 4 3 '  1 9 '  8 
10'  

5 .01* 31 5 '  2 
1 3 '  

11 .01* 30 ' 30 '  6 

5337 - 5368'  5359-5368.5' 3937 1500 

3937 1500 5404 - 5434'  5416-5434 ' 

Frac Interval 5484 - 5630'  

5455 - 5517'  5484.5-5586' 
5498-5517' 

5528 - 5564'  5539-5542' 
5554-5564' 

5580 - 5586'  5588'  

5594 - 5640'  5606-5630' 

Frac Interval 6198-6205' 

5176 - 5194'  6198-6205' 
6212 - 6222'  

Frac Interval 6333-6353' 

6309 - 6360'  6333-6353' 

*Average 

4077 1500 13 .01* 62 1 3 '  2 
13 .5  .01* 29 5 

11 .01* 36 '  34 ' 2 
3 

9* .Ol* 6 '  6 '  1 

11 .Ol* 4 6 '  46 ' 7 

4077 1500 

4077 

4077 

1500 

1500 

1 4 '  14 9* .Ol* 18' 
10' 10' 

5430 1500 

5259 1500 13.5 .01* 5 1  ' 3 7 '  20 

Figure 3 
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PACIFIC TRANS14 ISS ION SUPPLY COMPANY 
SAND RIDGE MESAVERDE bIASSIVE HYDRAULIC FRACTURE PROJECT 

UINTAH COUIJTY, UTAH 

Dee E. Beardsley 
Pacific Transmission Supply Company 

P. 0. Box 3093 
Casper, Wyoming 82602 

B. W. Allen 
Almac Operating Company 

Box 976 
Casper , Wyoming 82602 
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Pacific Transmission Supply Company 

633 17th Street, Suite 2140 
Denver, Colorado 80202 

ABSTRACT 

Pacific Transmission Supply Company and the Energy Research and 
Development Administration contracted to evaluate approximately 2500 feet of 
Mesaverde formation in the Uinta Basin of northeastern Utah. 

The contract proposal called €or continuous drillstem testing of 
the Mesaverde, coring of 400 to 500 feet of the formation to determine rock 
characteristics, continuous mud logging, and open-hole logs, including a 
Schlumberger Experimental Acoustic log to attempt to determine rock mechanical 
properties. Further, special core work was to be done to determine in-situ 
stress field and in-situ permeability and porosity insofar as possible. Mini- 
fracturing of selected intervals were then to be performed in the open-hole 
before running casing to help determine in-situ rock stress fields. Impression 
packers were to be run after mini-fracturing to deteimine fracture direction. 
Analyses of data obtained during drilling were to be made to help in design of 
three massive hydraulic fractures in sandstones of the basal, middle and upper 
Mesaverde. The fractures would only be performed if gas producing sandstones 
could be shown to aggregate a gas transmissibility of 0 . 5  millidarcy-feet in 
the lower Mesaverde and 1.0 millidarcy-feet in each of the middle and upper 
Mesaverd e - 

The test well was drilled and reached a total depth of 9282 feet on 

These eight 
January 21, 1977. Production casing was run, and subsequently eight sandstone 
zones were perforated to test for feasibility of gas production. 
zones were selected from critical analyses of drillstem tests, gas log and 
open-hole logs. Although a l l  zones showed gas production in small amounts, 

Prepared for ERDA under Contract No. EY-76-C-08-0680 
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each zone also produced water in varying mounts. Analyses of data obtained 
from flow tests of the various perforated zones showed none of the zones to 
possess gas transmissibility of sufficient magnitude to meet the contract 
criteria. Therefore, no massive hydraulic fractures were proposed or performed, 
and those parts of the contract pertaining to fracturing in the Mesaverde were 
terminated. 

INTRODUCTION 

Pacific Transmission Supply Company and the United States of 
America, through the Energy Research and Development Administration, con- 
tracted to drill a well and evaluate approximately 2500 feet of the Mesaverde 
formation in the Uinta Basin located in northeastern Utah. 

A federal government study indicated in-place reserves of 200 to 
400 billion cubic feet of gas per section in the tight Mesaverde sands. 

Pacific Transmission Supply Company made a geologic study of the 
Mesaverde formation underlying approximately 160 townships of the eastern 
portion of the Uinta Basin to determine the more favorable areas of porosity 
trends for drillsite selection. It was anticipated that the Mesaverde would 
contain sands with at least 300 feet net log porosity of eight percent or 
greater. Ownership of the lands within the area is predominantly federal. 
Pacific Transmission Supply Company proposed that a well be drilled to eval- 
uate sandstones within the lower, middle and upper Mesaverde formation. It 
was anticipated that a total of three massive hydraulic treatments, one each 
in the lower, middle and upper parts of the formation, would be performed. 

The test well, 23-25 Federal, was located in the NE/4 SW/4 Section 
25, Township 8 South, Range 23 E a s t ,  Uintah County, Utah. The well was spudded 
November 4 ,  1976 and reached a total depth of 9282 feet on January 21, 1977. 
During the drilling, the Mesaverde formation was almost continuously drillstem 
tested with 18  tests being run or attempted starting at a depth of 6560 feet. 
O f  the 18 tests, five were misruns. The well actually encountered 574 feet of 
gross sand with log porosities of eight percent or higher. The calculated 
water sands greatly exceeded our expectations with only a few zones calculating 
8 0  percent or less. 

After 5-1/2 inch casing was run and cemented, all drillstem tests, 

A total of nine sands 
cores and log data were evaluated to determine which sands would be perforated, 
acidized and tested for massive hydraulic fracturing. 
were selected to be perforated. 

Each of the sands were perforated, acidized and flow-tested 
separately. It was determined that none of the sands were sufficiently gas- 
productive to warrant treatment by massive hydraulic fracture. The wellsite 
phases of the Pacific Transmission Supply Company-Energy Research and Develop- 
ment Administration Contract were terminated on June 14, 1977. 
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THE CONTRACT 

Pacific Transmission Supply Company and the Energy Research and 
Development Administration entered into Contract Number EY-76-C-08-0680 
effective September 1, 1976, entitled "SAND RIDGE I1 PROJECT, UINTAH COUNTY, 
UTAH. I' 

Pursuant to the terms of the contract, a well was to be drilled 
to a sufficient depth in order that the full Mesaverde section could be eval- 
uated for possible massive hydraulic fracturing. The well was located in 
NE/4 SW/4 Section 25, Township 8 South, Range 23 East, Uintah County, Utah. 
The entire Mesaverde section (approximately 2500 feet) was to be drillstem 
tested, and 400 to 500 feet of cores, including some oriented cores, were to 
be obtained from the upper, middle and lower Mesaverde. 
and Green River formations were excluded from the contract. In addition, the 
following open-hole logs were to be run: 

The overlying Wasatch 

(1) Dual Laterolog 
(2) Compensated Neutron-Density 
( 3 )  Borehole Compensated Sonic 
(4 )  Experimental Sonic 
(5) Differential Temperature 

TerraTek, Inc., Salt Lake City, Utah, was to perform special core 
studies in the field of selected intervals of both regular and oriented cores. 
These studies were to include core relaxation measurements to determine the 
direction of the two principal horizontal -- In Situ stresses. 
small scale hydraulic fractures were to be created in the well bore to deter- 
mine the magnitude and orientation of in situ stress orientation. The fractures 
created were to be analyzed by use of impression packers. 

In addition, 

-- 

Laboratory studies of the cores 
zones as well as the adjacent rocks. Dry 
connected pore volumes were determined as 
volumes. Triaxial compression tests were 
conditions. 

were made of potential reservoir 
densities, grain densities and 
well as saturation and unfilled gas 
to be conducted at simulated in situ 

Frac fluid-rock interaction studies using various fracture fluids 
currently being used by industry were made, again under -- in situ simulation 
to characterize the loss in permeability of reservoir rocks due to the applica- 
tion of hydraulic fracture fluid. The effect of hydraulic fracture fluid on 
the permeability of the propped fracture with various sand concentrations and 
sizes was also studied. 

After running production casing, sandstone members of the Mesaverde 
in the lower, middle and upper portions were to be perforated, acidized and 
flow-tested to determine gas flow capacity of the perforated sands. Massive 
hydraulic fractures were to be done only if gas producing sandstones indicated 
an aggregate gas transmissibility of 0.5 millidarcy feet in the lower Mesaverde 
and 1.0 millidarcy feet in each of the middle and upper Mesaverde. 
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DRILLING OPERATIONS 

Well 23-25 Federal was spudded November 4, 1976. A 17-1/2 inch 
hole was drilled to 300 feet, and 13-3/8 inch surface casing was set. A 
12-1/4 inch hole was drilled to a depth of 3410 feet where 9-5/8 inch inter- 
mediate casing was run. Since the well is in an oil shale withdrawal area, 
the intermediate casing was required by the U. S. Government to protect oil 
shales of the Green River formation. A 7-7/8 inch hole was drilled from 3410 
feet to a total depth of 9282 feet, reached January 21, 1977. Five and one- 
half inch production casing was run to 8965 feet. No serious mechanical or 
hole problems were experienced during the drilling of the well; however, 
considerable time was spent drillstem testing and coring. 

A total of 18 drillstem tests were run in the Mesaverde. Of the 
18 tests, five were misruns because of packer seat failures. A total of 12 
cores were cut. The cored intervals totaled 469 feet of which 427 feet were 
recovered. Recovery was 91 percent. Of the 12 cores, four were oriented. 
The oriented cores were obtained so that TerraTek Laboratories could perform 
stress relaxation measurements. 

Two open hole mini-frac experiments were performed by TerraTek 
personnel at depths of 8822-8830 feet and 9017-9032 feet. Only the mini-frac 
of the interval 9017-9032 feet was successful. An impression packer was run 
in an attempt to impress the created fracture in the interval 9017-9032 feet 
to determine the fracture orientation, but the attempt was unsuccessful. 

A manned mud logging unit with hotwire and gas chromatograph was 
operated to record gas shows during all drilling operations from the base of 
the surface pipe to total depth. At total depth, the following open hole logs 
were run: 

(1) Dual Laterolog 
(2) Compensated Neutron Density-Gamma Ray 
(3) Borehole Compensated Sonic-Gamma Ray 
(4) Experimental Sonic 
(5) Differential Temperature 

PERFORATING, ACID BREAKDOWN AND FLOW TESTS 

The top of the Mesaverde formation was picked at 6410 feet in the 
Federal 23-25 well. The formation had an overall thickness of 2556 feet with 
the base of the formation being the same as the top of the Mancos shale at 
8984 feet. 

Data from all logs, cores and drillstem tests were analyzed to 
select sandstone intervals to be perforated, broken down with acid and flow- 
tested. The results of the flow-tests were to be used to determine the 
feasibility of establishing commercial production be means of stimulating 
with massive hydraulic fractures. Analysis of the data indicated the following 
intervals to have the best prospects: 



8824-8832 feet 
7793-7801 feet 
6800-6814 feet 
6755-6764 feet 
6603-6624 feet 
6558-6576 feet 
6524-6536 feet 
6458-6466 feet 
6438-6444 feet 

Lower Mesaverde 
Middle Mesaverde 
Upper Mesaverde 
Upper Mesaverde 

I 1  I 1  

11 II 

I 1  I 1  

II II 

I# 11 

(Castlegate) 
(Nes lan) 
(Farrar) 

I 1  

II 

11 

I 1  

11 

II 

All of the above zones were perforated at the depths as shown with 
jet shots. The zones were individually broken down with acid and tested 
individually. Zone separation was achieved by using packers, permanent bridge 
plugs or retrievable bridge plugs. 
of perforations, size of acid breakdown and flow-test results. The flow-tests 
generally exceeded a week's duration to obtain stable flow: 

The zones are again listed showing number 

Zone No. of Perfs Acid Flow Rate After Recovered Load Fluid 

8824-8832' 
7793-7801' 
6800-6814' 
6755-6764 ' 
6603-6624' 
6558-6576' 
6524-6536' 
6458-6466' 
6438-6444' 

16 
16 
14 
9 
21 
18 
12 
8 
6 

12,000 gallons 
1,500 'I 

1 , 500 
1 000 
2,000 II 

2,000 
1 500 
1 000 11 

1,000 

'I 

II 

I 1  

11 

I 1  

Small amount gas, 204 BWPD 
6 MCF/D plus 20 BWPD 
6 MCF/D plus 40 BWPD 
5 MCF/D plus 60 BWPD 
15 MCF/D plus 80 BWPD w/trace of Oil 
12.6 MCF/D plus 120 BWPD 
17 MCF/D plus 60 BWPD 

10 MCE'/D - no water 
17 MCF/D pius 20 BWPD 

None of these sands or combinations of sands showed water-free gas 
production in sufficient quantities to warrant a massive hydraulic fracture 
treatment. All zones of the Mesaverde were abandoned in June. Abandonment 
of the Mesaverde completed the wellsite phases of the contract between Pacific 
Transmission Supply Company and Energy Research and Development Administration. 

CONCLUSiON 

The Federal 23-25 well is believed to have been a well conceived 
project to accumulate data to evaluate approximately a 2500 foot vertical sec- 
tion of the Mesaverde formation for gas in the eastern part of the Uinta Basin. 
The data and subsequent production testing through casing showed all sands in 
the  Mesaverde to be too tight to yield commercial gas production even with 
massive hydraulic fracturing. In addition, eight of the nine sands tested 
through casing yielded water in significant quantities which would be detrimental 
to attempt a completion for gas production. 



REVIEW OF NATURAL BUTTES UNIT 
MASSIVE HYDRAULIC FRACTURING PROJECT 

James A. Short 1/ 

Gas Producing En te rp r i se s ,  Inc. 
P. 0. Box 749 

Denver, Colorado 80201 

Ab s t r a c  t 

A Massive Hydraulic Massive Frac tur ing  program has  been i n i t i a t e d  i n  the 
Natural  Buttes Unit ,  a marginal gas f i e l d  loca ted  i n  t h e  B i t t e r  Creek 
Field i n  the UintaBas in  of nor theas te rn  Utah. The program inc ludes  
f rac , tur ing  n ine  w e l l s  (new & old)  w i t h  d i f f e r e n t  combinations of types 
and volumes of f l u i d ,  s i z e  and amount of sand and methods of placement 
t o  f ind  t h e  completion procedure which i s  most e f f e c t i v e  i n  recovering 
gas from these low permeabili ty sands. 
a l s o  be  conducted. 
for coring, extensive electric logging, pre-frac t e s t i n g ,  etc., on one 
w e l l .  

F rac tu re  o r i e n t a t i o n  tes ts  w i l l  
There i s  a pending program modification t o  allow 

Four w e l l s  have been f r ac tu red  t o  d a t e  under t h i s  program. 

In t roduct ion  & Summary 

The T e r t i a r y  Wasatch and Cretaceous Mesaverde formations unde r l i e  a 
major p a r t  of t h e  Uinta Basin. 
gas sa tu ra t ed  sands. S i m i l i a r  formations occur i n  t h e  adjoining Green 
Biver and Piceance Basins and t h e  sands a r e  a l s o  s imi l ia r  t o  low permea- 
b i l i t y  sands which occur ex tens ive ly  i n  o the r  areas. 
interest t h e  Wasatch-Mesaverde i n t e r v a l  i s  from 5,000 t o  9,500 f e e t  with 
north-northwest reg iona l  d i p  of 100 f e e t  per m i l e .  
conta ins  about 25 sands, t h a t  w i l l  each average about 20 f e e t  of n e t  sand. 
The angular t o  subangular f i n e  g r a i n  sands a r e  w e l l  cemented with 
calcareous cementing ma te r i a l .  
i n  the sands and 0.90 p s i / f t  i n  t h e  shales.  

These formations conta in  low permeabili ty,  

I n  t h e  area of 

The gross i n t e r v a l  

Frac ture  g rad ien t s  a r e  i n  t h e  o rde r  0.75psi/ft  
Poros i ty ,  water s a t u r a t i o n  

- 1/ J. A .  Short - Regional Production Manager. 

Prepared f o r  ERDA under Contract No. E(26-11-681. 
Figures and t ab le s  a t  end of paper .  
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and permeability are  9%, 50% and 0.1 t o  0.001 md respectively. 
t r i c  gas-in-place i s  calculated at  105 BCF per  640 acre section, based 
on the  above parameters and P r  - 3000 psi ,  T r  - 170°F and a gas deviation 
fac tor  of 0.86. Gas Producing Enterprises Inc. (GPE) a divisfon of 
Coastal States  G a s  Corporation i s  Unit Operator and Owner of 85,405 
acres of Wasatch Mesaverde lease-hold r igh ts  i n  the Natural Buttes Unit. 
Based on the foregoing calculations,  the Natural Buttes Unit contains 
14.7 TCF of gas-in-place. 
over a large area i n  theuin ta  Basin and the Natural Buttes Unit is  a 
highly prospective area f o r  tes t ing  these low permeability sands, 
especial ly  since it  typ i f i e s  the occurance of 600 TCF of potent ia l  gas 
i n  the Uinta, Green River and Pieance Basins. This emphasizes the  importance 
of the larger  objective of determining commercial methods of recovering 
gas from low permeability sands. 

Volume- 

The Wasatch Mesaverde sands are gas productive 

A program t o  perform nine massive hydraulic fracturing treatments 
over a two year period a t  an estimated cost of 5.1 mill ion dol la rs  i s  
planned f o r  the Natural Buttes Unit. The Energy Research and Development 
Administration (ERDA) w i l l  contribute 2.2 mill ion dol la rs  and GPE (contractor) 
w i l l  contribute 2.9 mill ion dollars.  The primary objective of the program 
is  t o  determine a cost  e f fec t ive  method of recovering gas from low permea- 
b i l i t y  sands. 
f o 1 lowing : 

This w i l l  be  accomplished by tes t ing  and evaluating the 

1. 

2. 

3. 

4. 

5. 

6 .  

7. 

Effect of f racture  length on de l iverabi l i ty  and ultimate 
recoverable reserves. 

Orientation of fractures.  

I n  s i t u  f racture  conductivity created by di f fe ren t  combinations 
of proppants and fracture  f luids .  

Fracture f lu id  efficiency i n  transporting sand, controll ing 
frac height, avoiding formation damage and breaking ge ls  
a f t e r  frac.  

Spacing of fractured wells. 

Fracture of a l l  sands i n  a 3,500' gross in te rva l  including 
marginal and l e s s  well-developed gas-bearing sands. 

Different methods of treatment and sand placement. 

Other relative parameters w i l l  also be evaluated. All tests w i l l  
be performed under f i e ld  conditions and the w e l l s  w i l l  be placed on 
production immediately. Figure 1 shows the location of the  Natural Bvttes 
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Unit i n  the UintaBasin and the  r e l a t ive  posit ion t o  other geographical 
areas i n  the Rocky Mountains. 
Buttes Unit showing w e l l  locations, pipe l ines ,  etc.  

Figure 2 i s  a f i e l d  map of the Natural 

Program Summary 

Figure 3 is  a Milestone Chart showing the scheduling of the wells 
t o  be t reated and the individual operations fo r  each w e l l .  
the  remaining w e l l s  i n  the program t o  be tes ted showing estimated 
formation charac te r i s i t i cs  and thicknesses, amount and type of t r ea t ing  
materials and other information i s  shown on Table 1. 

A summary of 

After each w e l l  i s  d r i l l ed  and logged, 4%'' casing i s  run and 
cemented a t  t o t a l  depth. 
the e l e c t r i c  logs and aYperforating and fractur ing treatment program 
designed. The w e l l  i s  perforated i n  2%=1 water and production 
tested.  
Fracturing equipment and materials are  mobilized and the well i s  treated.  
Two basic placement methods have been used; (1) ' treat  continuously i n  
stages spearheading each stage with acid and diverting between stages with 
perforation b a l l  sealers  and (2)limited entry i n  one continuous stage. 
After treatment the well i s  flowed back t o  clean up and then placed on 
production. 

The prospective intervals  a re  selected from 

Water i s  removed by swabbing o r  using nitrogen if necessary. 

Down-hole surveys are  run as required. 

Project Status 

To date four wells have been fractured under the  program. Table 
No. 2 contains the summarized r e su l t s  of these fracturing treatments. 
The w e l l s  are  discussed separately as follows: 

Phase I: Natural Buttes Unit 118 

Four and one ha l f  inch (4%") casing was set a t  9140 ' .  Eighteen 
zones were perforated over the gross in te rva l  of 6490 ' -8954 ' ,  4 ft/zone, 
1 pe r f l f t .  The w e l l  was blown dry with nitrogen and averaged 50 MCFD on 
a pre-frac production t e s t .  The w e l l  was fractured with 695,000 gals. of 
cross-linked, low residue guar gum f lu id  and 1,380,000 l b s  of 20-40 sand. 
The treatment was pumped i n  nine continuous stages (designed t o  t r e a t  two 
zones per stage). 
and the stages were diverted with perforation b a l l  sealers.  
survey was run before flow-back. 
production on September 30, 1976. 
and i s  now stablized a t  820 MCFD. 
t h i s  well  i s  shown on Figure 4. 

Each stage w a s  spearheaded with 1000 gals of 15% acid 

The w e l l  was flowed back and placed on 
The well i n i t i a l l y  produced 1500 MCFD 
m e  "rate-time" production curve for  

A temperature 
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Phase 11: Natural Buttes Unit 1/19 

Four and one ha l f  (4%") casing was  s e t  a t  9697 '. Nine zones were 
perforated i n  the gross in te rva l  from 8676'-9664' with 4 ft/zone, 1 pe r f / f t .  
These zones w e r e  t rea ted  with 275,000 gals. of 40 lb.  guar gum/lOOO gals. 
f lu id ,  363,000 lbs. of 40-60 sand and 61,000 lbs. of 100 mesh sand. 
w a s  flowed back immediately at a high ra te .  
i n  t he  gross in t e rva l  from 7224'-8676' and t rea ted  with 358,000 gals. 
guar gum gel ,  712,000 lbs. of 40-60 sand, and 72,000 lbs. of 100 mesh sand, 
Perforat ion b a l l  sealers were used f o r  diversion i n  both treatments. The 
w e l l  w a s  flowed back a t  a high rate. 
locate  radio ac t ive  sand used during the treatment. 
c lean up and it was  determined t h a t  the  w e l l  was producing formation water. 
The w a t e r  was  shut o f f  by i so l a t ing  with packers and the well  placed on 
production i n  February, 1977. The w e l l  i s  current ly  producing about 
115 MCFD. 
Figure 5. 

The well 
Ten zones were perforated 

A Gamma Ray Survey w a s  run t o  
The w e l l  did not 

The "rate-time" production curve for  t h i s  w e l l  i s  shown on 

Phase 111: Natural Buttes f14 

This was an old w e l l  with 4%" casing set a t  8053' .  The w e l l  had 
approximately 15 zones perforated over the gross in te rva l  from 
6826'-8004' which had or ig ina l ly  been acidized with 10,000 gals  of 15% 
Hcl. The well  was t rea ted  with 576,000 gals. of cross-linked, low residue 
guar gum f lu id ,  1,053,000 lbs. of 20-40 sand and 40,000 lbs. of 40-60 
sand. 
(Sandia) 
determine f rac ture  length and or ientat ion.  The w e l l  w a s  flowed back, 
cleaned up and placed on production i n  May, 1977. This well  had been 
producing fo r  about 2 years p r io r  t o  treatment and had declined t o  a rate 
of about 40 MCFD. After treatment the well  produced about 790 MCFD. 
The "rate-time" production curve f o r  t h i s  w e l l  i s  shown on Figure 6. 

Duri,ig the  treatment, Sandia Laboratory of Albuquerque, New Mexico 
personnel took da ta  by measuring e l e c t r i c a l  potent ia ls  t o  

Phase IV: Natural Buttes 1/20 

Four and one h a l f  inch (4%") casing was s e t  a t  9807' .  Eight zones 
over the gross in t e rva l  from 8498'-9476' were perforated with 20 holes 
f o r  l imited entry. The w e l l  was stimulated on June 22, 1977, w i t h  309,9,000 
gals. of cross-linked, low residue guar gum f lu id  and 56,000 lbs. of 
100 mesh sand, 745,000 lbs. of 40-60 and 25,000 lbs .  of 20-40 glass  beads. 
During the  treatment, Sandia personnel took da ta  by measuring e l e c t r i c  
po ten t ia l s  t o  determine f rac ture  length and or ientat ion.  
a Gamma Ray Log w a s  run t o  locate  radio act ive t r ace r  sand used during the 
treatment. The w e l l  w a s  placed on production i n  July, 1977, a t  a rate 
of about 1500 MCFD. 

Before flow-back, 
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Results and Conclusions 

The Massive Hydraulic Fracturing program i s  progressing sa t i s f ac to r i ly .  
Final  r e s u l t s  and conclusions cannot be determined u n t i l  additional 
procedures have been tes ted ,  ver i f ied  by dupl icate  t e s t  stimulations and 
followed by production tes t ing .  

Various preliminary conclusions can be drawn from ear ly  project  resu l t s .  
The smaller 40-60 mesh sand can be pumped i n t o  the  formation a t  concentra- 
t ions  up t o  5 #/gal with a low v iscos i ty  (40f p a r  gum/lOOO gal) f luid.  
The bes t  combination of f lu id  and sand s i z e  has not been determined. 
Eighteen zones have been fractured i n  one continuous staged treatment. 
Temperature logs and Garmna Ray Tracer Surveys show tha t  over 90% of the 
perforated in t e rva l s  are being treated.  Post f rac ture  temperature surveys 
ind ica te  t h a t  twenty f ee t  of shale  thickness w i l l  act as a b a r r i e r  t o  h a l t  
v e r t i c a l  f rac ture  growth. 
below the  sand body. 
flow back. Increased shut-in time before flow back reduces sand production 
when a high v iscos i ty  f ractur ing f l u i d  i s  used. 
affected by the s i z e  of sand used. 

Fracture growth generally extends above and 
Sand production has not been a major problem during 

Sand production i s  not 

The f rac ture  length and or ien ta t ion  da ta  were processed and reviewed. 
No def in i te  conclusions have been determined t o  date. Assuming a cor rec t  
in te rpre ta t ion ,  the  data  indicated "single wing" f rac ture  s and rand6m 
f rac ture  d i rec t ion  i.e., one f rac ture  extending i n  one d i rec t ion  and 
another extending i n  a d i f f e ren t  direction. 
#20 is  s t i l l  being processed by Sandia. 

The da ta  from Natural Buttes 

The log i s t i c s  of mobilizing mater ia ls  and equipment for  a massive 
hydraulic f ractur ing treatment requires carefu l  planning, preparation 
and coordination. 
s a t  is f actory manner. 

All of the  treatments have been performed i n  a 
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FIGURE 6 
NATURAL BUTTES NO. 14 
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MASSIVE HYDRAULIC FRACTURING EXPERIMENT 
NO. 1 HOME FEDERAL WELL, UINTAH COUNTY, UTAH 

Charles R. Boardman 
Western O i l  Shale  Corporation 

3662 Mountcrest 
Las  Vegas, Nevada 89121 

ABSTRACT 

Two massive hydrau l i c  f r a c t u r i n g  experiments were performed on two 
s e p a r a t e  gas-bearing i n t e r v a l s  of Mesaverde sandstones i n  the  No. 1 Home 
Federa l  w e l l  l oca t ed  i n  Uintah County, Utah. 
f r a c  f l u i d  and t h e  l i m i t e d  e n t r y  technique w a s  used f o r  i n j e c t i o n .  

K C 1  water was used as t h e  

The f i r s t  experiment w a s  c a r r i e d  out  on an i n t e r v a l  conta in ing  112 f t .  
of n e t  pay a t  a depth of 10,014 - 202. 
es t imated t o  be 60+ MCF/D. 
less, presumably a t t r i b u t a b l e  t o  a l imi t ed  l a t e ra l  e x t e n t  of i nhe ren t  
formation permeabi l i ty .  

Pre-frac product ion capac i ty  w a s  
Pos t - f rac  product ion capac i ty  w a s  s i g n i f i c a n t l y  

The second experiment w a s  c a r r i e d  ou t  on an i n t e r v a l  conta in ing  85 f t .  
of n e t  pay a t  a depth of 7,826 - 9,437 f t .  
of 33 MCF/D w a s  increased  by MHF t o  an i n i t i a l  500 MCF/D and t o  a r e l a t i v e l y  
s t a b i l i z e d  155 MCF/D wi th in  four  months fol lowing t h e  t reatment .  

Pre-frac product ion capac i ty  

b 

Prepared f o r  ERDA under Contract  No. EY-76-C-08-0683. References,  t a b l e s ,  
and i l l u s t r a t i o n s  a t  ‘end of paper.  
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I INTRODUCTION 

Western O i l  Sha le  Corpora t ion  and Texas American O i l  Corpora t ion  
performed two massive hydrau l i c  f r a c t u r i n g  experiments  on t h e  No, 1 
Home Fede ra l  Well l oca t ed  i n  Sec 34, TlOS, R19E, Uintah County, Utah. 
The f i r s t  MHF w a s  c a r r i e d  ou t  on Oct.  1, 1976 and t h e  second on Dec. 2 1 ,  
1976. Both t r ea tmen t s  were app l i ed  t o  low pe rmeab i l i t y ,  gas-bear ing 
sands i n  t h e  Mesaverde formation.  

A. Well Desc r ip t ion  

The No. 1 Home Fede ra l  Well w a s  spudded on December 11, 1975, w a s  
d r i l l e d  wi th  K C 1  water t o  t o t a l  dep th  of 10,780 on January 13, 1976, and 
w a s  cased t o  t o t a l  depth  on January  15, 1976. 

Hole S p e c i f i c a t i o n s :  

Conductor: 18" Dia., 60' 'dep th  
In te rmedia te :  11" Dia., 3032' depth 
F i n a l :  7 7/8" D i a . ,  10708' depth 

Casing and Tubing S p e c i f i c a t i o n s :  

Conductor Pipe:  13 318" OD, 5-55, 48 / l / f t .  s e t  a t  51' depth ,  cemented 

In t e rmed ia t e  Casing: 8 518'' OD, 5-44, 1129.75' of 3 2 # / f t .  and 1888.25 

Product ion  Casing: 5 112'' OD,  N-80, 23A/f t . ,  set a t  dep th  of 10 ,780 ' ,  

Product ion  Tubing: 2 3/8" OD, J-55 - 7 6  j o i n t s  and N-80 - 245 j o i n t s ,  

t o  bottom of c e l l a r .  

f t .  of 2 4 # / f t . ,  s e t  a t  3017' depth ,  cemented t o  s u r f a c e .  

cemented t o  6900' depth .  

4 . 5 # / f t . ,  s e t  a t  9,768 f t .  depth .  

Logs 

Compensated Densi ty  
Contact  Caliper Forzo 
S idewa l l  Neutron 
BHC Sonic wi th  Caliper 
Gamma Guard 

B. F r a c t u r e  Design Basis 

The f r a c t u r e  des ign  f o r  both t r ea tmen t s  was based p r i m a r i l y  upon 
t h e  f i n d i n g  t h a t  K C 1  water d i d  no t  appear  t o  damage t h e  pe rmeab i l i t y  of 
Mesaverde sands tone  c o r e s  from ano the r  w e l l  i n  t h e  Uin ta  Basin.  Both 
t r ea tmen t s  t h e r e f o r e  u t i l i z e d  K C 1  water a long  wi th  a p p r o p r i a t e  a d d i t i v e s  
a p p l i e d  by t h e  l i m i t e d  e n t r y  technique.  

C. Reservoi r  Desc r ip t ion  

The two i n t e r v a l s  t r e a t e d  were loca ted  between t h e  dep ths  10,014- 
10,202 f t .  ( I n t e r v a l  //l/MHF#l) and between 7,826 - 9,437 f t .  ( I n t e r v a l  
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#2/MHF//2). Ind iv idua l  zone depths ,  n e t  pay th i cknesses ,  average  water 
s a t u r a t i o n s ,  and p o r o s i t i e s  based on log a n a l y s i s  are presented  as follows 
f o r  t hese  two i n t e r v a l s :  

Aver age Wa t er Average 
Zone Depth, f t .  Net Pay, f t .  S a t u r a t i o n ,  -_I_ X Poros i ty ,  % 

10,014 - 038 22 33 12.7 
10,044 - 062 18 40 12.3 
10,088 - 100 1 2  42  9.7 
10,136 - 148 10 34 11 .o  
10,142 - 202 50 43 11.0 

1 1 2 'r o t a 1 41  Avg 11.8 Avg 

Aver a Re Water Aver age  
_______ S a t  u1-a t ion ,  - 2 - Poros i ty ,  % Zone Depth, f t .  N e t  Pay, f t .  

7,826 - 29 
7,852 - 81 
7,974 - 80 
8,042 - 46 
9,225 - 37 
9,308 - 14 
9,410 - 37 

3 
27 

6 
4 

1 2  
6 

27 
85 T o t a l  
I_ 

53 
51 
40 
35 
51 
40  
40 
45 Avg 
- 

8 .5  
8 .5  
8.5 
8.5 
8.0 
7.0 
9.5 
8.5 Avg 

I1 MHF 111 EXPEKIMENT 

MHF #1 c o n s i s t e d  of 411,640 g a l l o n s  of f r a c  f l u i d  and 600,000 pounds 
of sand. I n j e c t i o n  rate v a r i e d  between 19 and 46 BPM. Wellhead i n j e c t i o n  
p r e s s u r e s  v a r i e d  between 6,400 and 7,000 p s i .  

A. Pre-f r a c  Treatment 

On March 31,1976 Welex p e r f o r a t e d  t h e  t a r g e t  i n t e r v a l  wi th  23 1 /4" -  
d iameter  h o l e s  wi th  Sidewinder j e t  charges  between t h e  dep ths  of 10028 
and 10200 f e e t .  No gas showed a t  t h e  s u r f a c e  a f t e r  t h e  p e r f o r a t i n g  
j o b  was completed. P e r f o r a t i o n  depths  were a s  fol lows:  

10,028 10,091 10,137 10,167 10,179 10,192 
10,032 10,093 10,140 10,171 10,182 10,196 

10,062 10,098 10,163 10,176 10,188 
10,058 10,096 10,143 10,174 10,185 10,200 

The p e r f o r a t i o n s  were broken down u s i n g  a c i d ,  K C 1  water and b a l l  
sealers on A p r i l  4 ,  1976. T o t a l  f l u i d  used i n  t h e  breakdown w a s  380 
b a r r e l s .  Most of t h e  breakdown f l u i d s  were recovered by  A p r i l  13. 

B. Pre- f rac  Product ion and Tes t ing  

Cumulative product ion  i n t o  the  wel lbore p r i o r  t o  shut - in  f o r  p r e s s u r e  
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bui ldup  monitor ing is  es t imated  t o  be 716 MCF. Volumes produced from t h e  
w e l l  are l i s t e d  a s  fo l lows:  

DATE VOLUME, MCF 

P r i o r  t o  4/12 144 
4/12 167 
4/13 12.7 
4/14 40 

322.7 5 /  5 - 
TOTAL 696.4 

An a d d i t i o n a l  volume of 19.5 MCF is es t ima ted  t o  have flowed i n t o  t h e  
wel lbore  bu t  was n o t  produced du r ing  t h e  las t  16 1 /2  hours  of t h e  24-hour 
product ion  per iod .  
wellhead and bottom h o l e  p r e s s u r e  d a t a ,  t h e  volume of vo id  i n s i d e  t h e  
wel lbore  of 1308 cub ic  f t . ,  and an  average  temperature  i n s i d e  t h e  wel lbore  
of 150° F. 

These volumes were measured o r  c a l c u l a t e d  u t i l i z i n g  

Bottom h o l e  p r e s s u r e s  were measured wi th  a 72-hour p r e s s u r e  bomb 
by Cable Engineer ing Company of Roosevel t ,  Utah pr ior  t o ,  dur ing ,  and 
subsequent  t o  t h e  24-hour product ion  per iod  commencing May 5, 1976. These 
bottom h o l e  p r e s s u r e  d a t a  are presented  i n  the  Cable Engineer ing Company 
d a t a  s h e e t s  i n  Appendix A. The p r e s s u r e  d a t a  show t h a t  t h e  s t a b i l i z e d  
p r e s s u r e  a t  a depth  of 10,114 f t .  was 6,631 p s i  j u s t  p r i o r  t o  t h e  24-hour 
product ion  per iod .  Th i s  p r e s s u r e  w a s  reduced t o  2,091 p s i  by f lowing t h e  
well for approximately 7 1 / 2  hours .  A t  7 1 / 2  hours  t h e  f low ra te  w a s  
he ld  a t  40-t MCF/D w i t h  t h e  bottom ho le  p r e s s u r e  r i s i n g  a t  a rate of about  
20 p s i  per  hour .  A t  15 hours  i n t o  t h e  product ion  pe r iod ,  t h e  f low rate 
w a s  s t a b i l i z e d  a t  40 MCF/D. A t  t h e  end of t h e  flow test (24 hours)  t h e  
product ion  rate w a s  s t i l l  40 MCF/D whi le  t h e  bottom h o l e  p r e s s u r e  w a s  
r i s i n g  a t  a ra te  of 13.5 p s i  p e r  hour.  Flowing tubing  p r e s s u r e  w a s  775 p s i g  
and f lowing  c a s i n g  p r e s s u r e ,  350 p s i g .  
i n  w a s  2,387 ps ig .  

The bottom ho le  p r e s s u r e  a t  shut-  

F i n a l  f low c a p a c i t y  is es t imated  t o  have been 62 MCF/D, cons ide r ing  
t h e  observed f low rate and t h e  p r e s s u r e  bui ldup  ra te .  

The w e l l  was s h u t  i n  a f t e r  removing t h e  p r e s s u r e  bomb u n t i l  August 26, 
a t  which t i m e  g a s  was produced on a 20/64" choke i n t o  t h e  Mountain Fuel  
l i n e  l o c a t e d  n o r t h  of t h e  w e l l .  Product ion was i n t e r m i t t e n t  because of 
t h e  w e l l  load ing  up wi th  water. 

Observed p r e s s u r e s  and flow rates p r i o r  t o  September, 1976 were: 

DATE FTP, p s i g  FCP, psig FLOW RATE, MCF/D 

8/27  1375 490 
8/28 1725 490 
8/29 1925 490 
8/30 2175 490 
8 /  31 2340 425 

40 
40 
40 
4 0  
40 
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A temperature survey was run on September 27 .  The results are depicted 
on Figure 
log in this figure, slight cooling (indicating gas influx) appeared to have 
occured over zones 1, 2, 4 and 5. Zone 3 does not appear to exhibit any 
significant cooling at all. 

1 along with the perforation locations. As indicated by the static 

C. MHF Treatment Description 

Halliburton Services had all equipment and materials in place and ready 
to frac by September 28. There were twenty-one 500-barrel tanks of 2% KC1 
water, two blender trucks (only one truck was needed for the frac job; the 
additional truck was on standby only), ten pump trucks each capable of 
acheiving 1.000 hydraulic horsepower, three sand tanks with capacities of 
2,560 cubic ft. each, two chemical trucks, a control van, and a number of 
ancillary pieces of equipment such as headers, valves and lines. 
lines were attached to the well, two connected to the casing and one connected 
to the tubing. 

Three flow 

Halliburton started the massive frac with a KC1 water prepad stage on 
September 29 at 1000 hrs. Maximum injection rate achieved was 12 BPM at 7,000 
psig wellhead pressure (target rate was 42 BPM). 
ball sealers were dropped, along with 3,000 gallons of acid in an attemt to 
increase the injection rate. 
of 16 BPM was achieved. The prepad stage of 43,400 barrels was completed 
at approximately this injection rate. 

The frac was stopped and 50 

The prepad stage was then restarted and a rate 

On September 29, 2976 another temperature survey was run to determine 
appropriate locations for additional perforations. 
are presented in Figure 2 along with the original perforation locations. 

The results of this survey 

Based upon the analysis of this temperature log and Halliburton calcula- 
tions, 32 new 1/4" perforations were added to the target interval on September 
30, 1976. The depths of the new perforations are as follows: 

ZONE 1 10,027 
10,029 
10,030 
10,032 

ZONE 2 10,059 
10,060 
10,061 

ZONE 3 10,090 
10,092 
10,094 
10,095 
10,097 
10,098 

ZONE 4 10,139 
10,141 
10,142 

10,144 
10,145 
10,146 

ZONE 5 10,165 
10,169 
10,172 
10,175 
10,178 
10,180 
10,184 
10,187 
10,189 
10,194 
10,195 
10,197 
10,199 
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After p e r f o r a t i n g ,  Ha l l ibu r ton  s p o t t e d  3,000 g a l l o n s  of ac id  and dropped 75 
b a l l  sealers. The f r a c t u r e  t rea tment  w a s  then r e i n i t i a t e d  wi th  ano the r  prepad 
s t a g e  of K C 1  water a t  1503 hrs .  Maximum i n i t i a l  i n j e c t i o n  rate w a s  15 BPM 
a t  7,000 p s i .  
h r s .  A t  t h i s  p o i n t  a n  i n j e c t i o n  rate of 27 BPM a t  6900 p s i  w a s  achieved.  
The prepad s t a g e  w a s  f i n i s h e d  a t  1628 h r s .  and t h e  wellhead w a s  secured f o r  
t h e  n i g h t .  

The f r a c  w a s  stopped a f t e r  a few minutes and r e s t a r t e d  a t  1530 

The f r a c t u r e  t r ea tmen t  was recommenced a t  1118 hours  and w a s  completed 
a t  1542 hours  on October 1, 1976. The fo l lowing  f r a c  c o n d i t i o n s  p reva i l ed :  

Average I n j e c t i o n  P res su re :  6850 p s i  

Average I n j e c t i o n  Rate: 29 bbls /min.  

Average Hydraul ic  Horse Power: 4,869 

Maximum I n j e c t i o n  Pressure :  7,000 p s i  

Maximum I n j e c t i o n  Rate: 46 bbls/min.  

The i n j e c t i o n  p res su re ,  f low r a t e  and sand concen t r a t ion  are p l o t t e d  as 
a f u n c t i o n  of t ime i n  F igure  3. This  is an i d e a l i z e d  p l o t  taken from t h e  
d e t a i l e d  log  i n  t h e  s u b c o n t r a c t o r ' s  r e p o r t .  

T o t a l  volume of f l u i d  i n j e c t e d  p r i o r  t o  t h e  October 1, 1976 opera t ion  w a s  
96,920 g a l s .  On October 1, t h e  t rea tment  w a s  s t a r t e d  wi th  pad volume of 
90,000 g a l s .  followed by t h e  s t a g e s  l i s t e d  below: 

STAGE 1 

STAGE 2 

STAGE 3 

STAGE 4 

STAGE 5 

STAGE 6 

10,000 g a l s .  wi th  1 l b s / g a l  40-60 sand 

35,000 g a l s .  w i t h  2 l b s / g a l  40-60 sand 

40,000 g a l s .  w i th  3 l b s / g a l  40-60 sand 

30,000 gals. w i t h  2 l b s / g a l  20-40 sand 

60,000 g a l s .  w i th  3 l b s / g a l  20-40 sand 

40,000 g a l s .  w i th  4 l b s / g a l  20-40 sand 

These s i x  s t a g e s  were followed by a 1,000-gal. Versagel  spacer  and 
9,240 g a l .  displacement  for a t o t a l  volume i n j e c t e d  of 315,340 g a l l o n s  
du r ing  t h e  October 1, 1976 opera t ion .  By i nc lud ing  the pre-pad and break  
down treatments on September 29 and 30, 1976 a t o t a l  of 411,640 g a l l o n s  
were i n j e c t e d .  
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The materials used and t h e i r  concen t r a t ions  dur ing  t h e  f r a c t u r i n g  
t rea tment  are l i s t e d  i n  Table  1. 

D. Pos t - f r ac  Product ion  and Tes t ing  

Immediately fo l lowing  t h e  f r a c t u r i n g  t rea tment  a temperature  survey  w a s  
run ,  t h e  r e s u l t s  of which a re  shown i n  F igure  4 .  The w e l l  w a s  then opened 
on a 26/64" choke a t  1225 hours  w i t h  a wellhead p r e s s u r e  of 3400 p s i .  On 
October 2,  t h e  choke s i z e  w a s  reduced t o  20/64". Load water w a s  recovered via 
a 20/64" choke u n t i l  October 9 a t  which time a 26/64" choke w a s  i n s e r t e d .  
The cumulat ive load  water recovery i s  shown as a f u n c t i o n  of t i m e  i n  F igu re  5. 

On October 7 a t  1245 hours ,  t h e  we l l  w a s  hooked up t o  t h e  g a s  p i p e l i n e  
and g a s  w a s  produced t o  sales .  The we l l  d i ed  a t  2400 hours  on t h i s  d a t e .  
It was opened t o  the  a i r  and t h e  p r e s s u r e  b led  down t o  0 i n  t h r e e  minutes.  
It w a s  s h u t  i n  a t  1400 hours  on October 8. On October 9 ,  NOWSCO pumped 93 
MCF of n i t r o g e n  i n t o  t h e  c a s i n g  and t h e  w e l l  s t a r t e d  f lowing aga in .  The 
w e l l  w a s  s h u t  i n  on October 12 by t h e  au tomat ic  shutdown va lve .  The w e l l  
was opened t o  t h e  a i r  and a g a s  flow r a t e  of 21 MCF/D w a s  observed. On 
October 13 t h e  w e l l  w a s  s h u t  i n  a t  0800 hours .  On October 21 through November 
11 the  w e l l  w a s  s h u t  i n  f o r  p r e s s u r e  bui ldup.  Th i s  p r e s s u r e  bu i ldup  is  
p l o t t e d  i n  Figure 6 .  

Post - f rac  g a s  product ion  p r i o r  t o  t h e  p r e s s u r e  bu i ldup  is shown g r a p h i c a l l y  
i n  Figure  7 .  Also shown are t h e  flowing tubing  and cas ing  p res su res .  As 
i n d i c a t e d  i n  t h i s  f i g u r e ,  cumulat ive gas  product ion  w a s  325 MCF over a per iod  
of 5 1 / 2  days f o r  an  average  of 59 MCF/D. 

Shut-in bottom ho le  p r e s s u r e s  were measured on November 1, 1976. T h e  
shu t - in  c a s i n g  p r e s s u r e  as measured a t  thc wellhead w a s  2 7 7 5  p s i  j u s t  p r i o r  
to running t h e  down h o l e  p r e s s u r e  bomb. 
as fol lows:  

Down ho le  p r e s s u r e s  measured were 

DEPTH, f t .  

6400 
9500 
9700 
9 900 

*lo,  114 

PRESSURE, p s i  

3102 
4392 
4 4 7 1  
4557 
4649 

*Middle of p e r f o r a t i o n s  

The f l u i d  l e v e l  i n  t h e  w e l l  was found t o  be 3,000 f t .  du r ing  t h e s e  measurements. 

On November 11 t h e  tub ing  w a s  opened and t h e  w e l l  flowed water t o  t h e  
p i t .  A t  12:30 p.m. g a s  w a s  produced i n t o  t h e  p i p e l i n e  a t  t he  rate of 393 
MFC/D on a 12/64" choke, a f t e r  unloading approximately 35 b a r r e l s  of water. 
On November 12 t h e  choke became plugged and apprDximately 250 b a r r e l s  of 
water were unloaded. A f t e r  unloading,  gas  w a s  produced i n t o  t h e  p i p e l i n e  
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a t  t h e  rate of 699 MCF/D on a 16/64" choke. 
dropped t o  129 MCF/D and a f t e r  unloading t e n  b a r r e l s  of water t h e  rate inc reased  
t o  550 MCF/D. On November 1 4  t h e  w e l l  w a s  shut - in  and a t t empt s  were made there-  
a f t e r  t o  unload t h e  water wi th  n i t rogen .  On November 17  t h e  w e l l  w a s  produc- 
i n g  a t  a rate of 731 MCF/D on a 16/64" choke. T h e r e a f t e r  t h e  w e l l  d i ed  and 
only  traces of- gas  were produced. The t o t a l  volume of gas  produced du r ing  
November w a s  on ly  60 MCF. 

On November 13  gas  f low rate 

MHF 112 c o n s i s t e d  of 247,500 g a l l o n s  of f r a c  f l u i d  and 450,000 pounds of 
sand.  I n j e c t i o n  ra te  v a r i e d  between 17 and 36 BPM. Wellhead i n j e c t i o n  
p r e s s u r e  v a r i e d  between 5,500 and 7,000 p s i .  

A. Pre- f rac  Treatment 

The i s o l a t i o n  of t h e  f i r s t  MHF zone w a s  completed by pumping 12,000 
pounds of sand i n t o  t h e  wel lbore .  
upon complet ion of t h e  zone i s o l a t i o n .  

Top of t h e  sand w a s  found t o  be  9,922 f t .  

The tub ing  was pu l l ed  t o  a l low t h e  remainder of t h e  Mesaverde pay 
zones t o  be  p e r f o r a t e d  wi th  a Welex 3-1/2" cas ing  gun. On December 2 
t h e  w e l l  c a s ing  w a s  p e r f o r a t e d  w i t h  s i n g l e  .34" p e r f o r a t i o n s  a t  each of 
t h e  fo l lowing  depths :  

7768 f t .  7975 f t .  9227 f t .  
7827 f t .  7979 f t .  9233 f t .  
7855 f t .  8044 f t .  9311 f t .  
7860 f t .  9045 f t .  9415 f t .  
7869 f t .  9050 f t .  9420 f t .  
7877 f t .  9223 f t .  9425 f t .  

9433 f t .  

The top  of t h e  sand was found a t  a depth  of 9872 f t .  a f t e r  p e r f o r a t i n g .  

The w e l l  w a s  k i l l e d  wi th  b r i n e  and a b r i d g e  plug was emplaced a t  
a depth  of 9460 f t .  The tub ing  was then pu l l ed  back t o  a depth  of 7750 f t .  
and t h e  w e l l  w a s  ac id i zed  wi th  2,500 gal. of 15% HC1 con ta in ing  a NE agent .  
35 b a l l  sealers were used and good b a l l  a c t i o n  was observed. 
opened t o  t h e  p i t  a f t e r  a c i d i z i n g .  It  flowed back approximately 15 b a r r e l s  
and d i ed .  34 b a r r e l s  of 3% K C 1  water were then pumped down the  tub ing ,  
and t h e  b r idge  plug w a s  r e t r i e v e d .  

The w e l l  w a s  

B. Pre- f rac  Product ion  and T e s t i n q  

On December 5 a f low rate  of approximately 200 MCF/D w a s  observed.  A f t e r  
a b r i e f  shut - in  pe r iod  f o r  p r e s s u r e  build-up t h e  tub ing  w a s  run  i n t o  t h e  w e l l  
a long  w i t h  144 b a r r e l s  of b r i n e  t o  k i l l  i t .  The bottom of t h e  tub ing  was set  
a t  a depth  of 9359.75 f t .  The h o l e  w a s  c i r c u l a t e d  w i t h  200 b a r r e l s  of 3% 
K C 1  water p r i o r  t o  shut - in .  

The w e l l  w a s  s h u t  i n  from December 6 t o  December 10. On December 10 a 
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t r a c e  of load  water and g a s  were flowed and a bottom h o l e  p r e s s u r e  bomb w a s  
run  to  a depth  of 9430 f t .  a t  12:15 p.m. The tub ing  w a s  l e f t  open t o  t h e  
p i t  ove rn igh t .  A t r a c e  f low of g a s  w a s  observed a long  wi th  a n  e s t ima ted  50 
b a r r e l s  of water per  day. 
11. The d a t a  from these  p r e s s u r e  measurements a re  presented  i n  t h e  Cable Inc .  
r e p o r t  i n  Appendix B. A s  i n d i c a t e d  by t h e s e  d a t a ,  t h e  average r e s e r v o i r  
p r e s s u r e  is es t imated  t o  be 4,264 ps ig ,  and r e s e r v o i r  temperature  186O F .  

The bottom ho le  p r e s s u r e  bomb w a s  pu l l ed  on December 

A f t e r  t h e  bomb w a s  p u l l e d ,  n i t r o g e n  was i n j e c t e d  t o  unload water from 
t h e  tub ing  and cas ing .  The w e l l  was then l e f t  open t o  t h e  p i t  and flowed a 
trace of gas and more than  100 b a r r e l s  of water .  

On December 14 a 180 h r .  p r e s s u r e  bomb w a s  run  i n t o  t h e  w e l l  by Cable 
Inc. The bomb w a s  on bottom a t  6:35 p.m. During t h e  f i r s t  4 1  h r s .  and 45 min. 
of  t h e  p r e s s u r e  measurements, t h e  w e l l  w a s  open t o  t h e  p i t  so  as  t o  unload t h e  
water p r i o r  t o  a g a s  f low test which w a s  begun a t  12:30 p.m. on  December 16 
(41  hrs .  and 45 min. a f t e r  t h e  p r e s s u r e  bomb w a s  on bottom). The f low t e s t  

w a s  conducted f o r  22 h r s .  and 15 min , ,  ending a t  10:45 a . m .  on December 1 7 .  
Average f low rate was 33 MCFiD. T h e r a f t e r  t h e  w e l l  w a s  shut - in  for p r e s s u r e  
build-up. The bottom h o l e  p r e s s u r e  d a t a  are presented  i n  t h e  Cable Inc .  r e p o r t  
i n  Appendix C. 

C. MHF #2 Desc r ip t ion  

H a l l i b u r t o n  conducted t h e  massive hydrau l i c  f r a c t u r i n g  of t h e  w e l l  on 
December 21. The j o b  w a s  begun a t  10:15 a.m. and was completed a t  1 : 4 2  p.m. 
The ave rage  i n j e c t i o n  p r e s s u r e  was 6500 p s i ;  t h e  average  i n j e c t i o n  r a t e  35 
b a r r e l s  per  minute;  and t h e  average  hydrau l i c  horse power used w a s  5,576. 
T o t a l  f l u i d  volume used w a s  247,500 gal. 
a t rea tment  of 200,000 g a l .  and displacement  of 7,500 g a l .  The f r a c  f l u i d  
w a s  H a l l i b u r t o n ' s  'Versage l ' .  50,000 l b s .  of 40-60 sand and 450,000 l b s .  
20-40 sand were used t o  prop the f r a c t u r e .  The f r a c  f l u i d  a d d i t i v e s  a r e  l i s t e d  
i n  Table  2 and t h e  f r a c  p r e s s u r e s  and i n j e c t i o n  ra tes  a re  p l o t t e d  i n  F igure  8. 

Th i s  included a pad of 40,000 g a l . ,  

D .  Pos t - f rac  Product ion  and T e s t i n g  

The load  water was flowed back beginning a t  7:15 p.m. on December 21. 
Sand flowed back i n  s u f f i c i e n t  q u a n t i t i e s  t o  erode ho le s  i n  t h e  flow l i n e .  
The sand s topped f lowing back a t  5:OO a . m .  on December 22 .  

On December 27 t h e  w e l l  was hooked up t o  t h e  t r e a t i n g  u n i t  and gas 
sales were commenced a t  a rate of 477 MCF/D. The product ion  rates as a 
f u n c t i o n  of t i m e  from December 2 7 ,  1976 khrough June 30, 1977 are  dep ic t ed  
i n  F igu re  9. As i n d i c a t e d  i n  t h i s  f i g u r e ,  t h e  r a t e  had e s s e n t i a l l y  s t a b i l i z e d  
a t  about  155 MCF/I) i n  A p r i l  and remained a t  t h i s  average  l e v e l  throughout 
May and June. 

Cumulative water product ion  from the  s t a r t  of flowback throughout June,  
1977 is  shown i n  F igu re  10. As i n d i c a t e d  by t h i s  f i g u r e ,  t h e  water product ion  
ra te  s t a b i l i z e d  i n  March a t  about  20 BPD. 
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IV CONCLUSIONS AND RECOMMENDATIONS 

Both MHF treatments c lear ly  r e s u l t e d  i n  non-economic product ion  rates. 
Because of t h e  l i m i t e d  success  achieved by MHF 112 on l n t e r v a l  8 2 ,  i t  i s  
be l i eved  t h a t  t h e  reason  f o r  t h e  d i sappo in t ing  MHF ,'I1 r e s u l t s  was t h e  i n h e r e n t  
inadequacy of I n t e r v a l  If1 t o  release i t s  gas ;  probably because of an  extremely 
l i m i t e d  r a d i a l  e x t e n t  of pe rmeab i l i t y .  Assuming t h i s  t o  be t h e  case ,  i t  fo l lows  
that K C 1  water is compatible  w i t h  t h e  Mesaverde sands  a t  l eas t  to  an e x t e n t ,  
and t h e r e f o r e ,  may prove t o  be an accep tab le ,  inexpens ive  f r a c  f l u i d  f o r  t h i s  
formation.  

MHF /I2 enabled I n t e r v a l  112 product ion  r a t e  t o  i n c r e a s e  from 3 3  MCF/D t o  a n  
i n i t i a l  500 MCF/D and t o  a somewhat s t a b i l i z e d  155 EfCF/d at approximately 4 
months fo l lowing  t h e  f r a c .  

It  is  recommended t h a t  MHF exper imenta t ion  be cont inued wi th  K C 1  f r a c  
f l u i d  and l i m i t e d  e n t r y  i n j e c t i o n  i n  t h e  Uirita Basin. Improved methods 
obvious ly  need t o  be developed t o  1) i d e n t i f y  all sands amenable t o  s u c c e s s f u l  
MHF treatment i n  a g iven  w e l l  and 2 )  i d e n t i f y  those  areas i n  a g iven  b a s i n  
t h a t  are most l i k e l y  t o  c o n t a i n  s u f f i c i e n t  t h i cknesses  of sands amenable t o  
s u c c e s s f u l  t r ea tmen t .  
improved methods be g iven  a t  l e a s t  as high  a p r i o r i t y  a s  i s  g iven  t o  c a r r y i n g  
out  exper imenta l  MHF t r ea tmen t s .  

I t  i s  recommended t h a t  developmental  work on t h e s e  

TABLE 1. EULTERIALS INJECTED - MHF I l l  

MATERIAL 

Proppant 40-60 Sand 

Proppant 20-40 Sand 

Anti-Foaming Agent (NF-I) 

Cross l inker  (CL-11) 

Surfactant (Super-Flo) 

Nan Emulsifier (3N)  

Fluid Loss Additive (WAC-11) 

H a  Acid 

Gelling A g e n t  (WC-2) 

Friction Reducing Agent (FR-2) 

Bactericide (Adocide) 

Breaker (AP) 

Breaker (GBW-I)  

KC1 

Corrosion I n h i b i t o r  (MI-SO) 

muKI 

200.000 I b s .  

400,000 l b s .  

365 g a l .  

250 g a l .  

365 g e l .  

18 gal. 

1,000 l b s .  

1,000 l b s .  

21,000 I b s .  

250 I b s .  

185 g a l .  

250 l b s .  

100 l b s .  

77,000 lbs. 

30 gal. 

CONCE"FATION, Amtll.UUo gal. 

1,000, 2,000, 3.000 l b s .  

2.000, 3.000. 4,000 l b s .  

1 g a l .  

.6 gal. 

1 gal. 

1 gal. 

50 l b s .  

._ 

60 Ibs .  

5 l b s .  

. 5  g a l .  

. I  - .25 I b s .  

.5 - 1 . 5  l b s .  

166 I b s .  

5 g a l .  

TABLE 2. HALLIBCRTON FKAC FLUID ADDITIVES - MHF 

ADDITIVE 

No" Foaming Agent 

S u r f  ac tan t 

Crosslinker 

Lelling Agent 

crictton Reducer 

Breaker 

Bactericide 

K I  I 

TRADE CONCENTRATIOti 
NAME UNITS SHOWN1 

NF-1 I l b .  

TRI-5 1 l b .  

1000 g a l .  

CL-11 0 . 5  g a l .  

WG-12 50 I b  

FR-20 3 l h .  

AP-6BW-I . 2 5  I b ,  . 5 - 1  l h .  

Adocide . 5  gal 

250 1 5 .  ( 3 % )  

TOTAL USED 

248 lb. 

248 l b .  

I 2 1  g a l .  

124,000 lb. 

25 It.. 

61 lb.. 86 lb. 

124 g a l .  

650 S K b  
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A P P E N D I X  B CABLE ENGINEERING BHF DATA FOR D E F I N I T I O N  
OF RESERVOIR P R E S S U R E  - INTERVAL ( I 2  

0.1. or Sun.* n e K - A L 2 a . L  
BH Temp. 'F a t  9431) fl. 

Well Shut In 12L2oe. M.U-1fi 1 9 1 6  

BmbOn Botlom6.?'. P . M 17-14 I v 1 6  

Approx. 

BOMB NO _.3789 C A L l m  NO & I d 6  

- 1 2 L  " R s = -  5 INCHES 

We1 1 
open for 
f l o w  

m.. . .. 
A P P E N D I X  C CABLE ENGINEERING BHP DATA 

TAKEN FOLLOUING PRE-FRAC FLOW T E S T  - INTERVAL 112 
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F I G U R E  I .  S T A T I C  AND D I F F E R E N T I A L  T D l P E R A T U R E  SURVEYS - 9 / 2 7 / 7 6  
INTERVAL I l l  

F I G U R E  2 .  TEMPERATURE SURVEYS, 9/29/76 - INTERVAL N I 
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FIGURE 3 .  INJECTION PRESSURES, RATES, AND SAND CONCENTRATIONS 
OCT. I ,  1 9 7 6  - M W  I l l  

.... . .  

FIGURE 4 .  TP(PER4TURE SURVEY - 1 0 / 1 / 7 6 ,  POST HHF 
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FIGURE 10. CUMULATIVE WATER PRODUCTION FOLLOWING MHF 12  V S  TIME 
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MESAVERDE 
HYDRAULIC FRACTURE STIMULATION 

NORTHERN PICEANCE BASIN - PROGRESS REPORT 

by 

Robert E. Chancellor 
Rio Blanco Natural  Gas Company 

916 Pa t t e r son  Bldg. 
Denver, CO 80202 

ABSTRACT 

Information gained from massive s t imu la t ion  p r o j e c t s  i n  the  

nor thern  Piceance bas in  w a s  used t o  design a massive hydrau l i c  

f r a c t u r e  f o r  a 130 foo t  t h i c k  Mesaverde Group interval i n  a nearby 

w e l l .  P re - f r ac  log i n t e r p r e t a t i o n s  ind ica t ed  ind iv idua l  sandstone 

u n i t s  i n  t h e  zone t o  be gas product ive wi th  v a r i a b l e  r e s e r v o i r  

c h a r a c t e r i s t i c s .  It flowed 55 Mcfpd a f t e r  a p r e - f r a c  breakdown 

of 16  pe r fo ra t ions .  Seven thousand b a r r e l s  of j e l l e d  K C 1  water 

and 775,000 l b  of sand were success fu l ly  i n j e c t e d  a t  the rate of 

37 b a r r e l s  per  minute. 

pos t - f r ac  days,  t h e  flow rate  w a s  800 Mcfpd. 

dropped t o  200 Mcfpd and s t a b i l i z e d  a t  130 Mcfpd p lus  an average 

of 3 b a r r e l s  of high g rav i ty  o i l  and 3 b a r r e l s  of water a f t e r  four  

months on 1/4"  choke a t  60 pounds tubing pressure .  

are similar t o  two previous K C 1  based f r a c s  performed i n  the w e l l .  

With 70 percent  f l u i d  recovery a f te r  1 2  

After one month, i t  

These r e s u l t s  

The K C 1  approach t o  d r i l l i n g  and completing Mesaverde w e l l s  

i n  t h i s  a r e a  appears t o  o f f e r  economically successfu l  s t imu la t ion  

r a t i o s .  

Prepared t o r  ERDA under Contract No. EY - 16 - -  C 08 - 
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I n t r o d u c t i o n  

The massive h y d r a u l i c  s t i m u l a t i o n  of a 130 f t  sandstone-shale  

i n t e r v a l  i n  Mesaverde Group rocks of t h e  no r the rn  Piceance b a s i n  

w a s  f inanced  by a matching funds c o n t r a c t  w i t h  t h e  U. S .  Energy 

Research and Development Adminis t ra t ion  a t  an  approximate cost  of 

$ 2 6 0 , 0 0 0 .  

F igu re  1 i l l u s t r a t e s  t h e  r e g i o n a l  p o s i t i o n  i n  northwest  Colorado 

of t w o  government-industry p r o j e c t  w e l l s  which were d r i l l e d  and 

completed wi th  t h e  purpose of c o n t r i b u t i n g  t o  t h e  technology of 

a c c e l e r a t i n g  d e l i v e r a b i l i t i e s  of n a t u r a l  gas f r o m  low permeab i l i t y  

sandstone reservoirs i n  t h e  Rocky Mountains. F i n a l  r e p o r t s  on 

these p r o j e c t s  have n o t  been publ i shed;  however, t h e  work i s  essen-  

t i a l l y  completed. Informat ion  ga ined  from t h e  p r o j e c t s  and f r o m  

i n d u s t r y  e f for t s  i n  cont iguous b a s i n s  w a s  i n f l u e n t i a l  i n  formula t ing  

t h e  des ign  and execu t ion  procedures  f o r  t h e  c u r r e n t  s t i m u l a t i o n  

a t tempt .  

The w e l l  involved w a s  d r i l l e d  by R i o  Blanco Na tu ra l  G a s  Company 

(#498-4-1 Government) about  f i v e  m i l e s  sou th  of t h e  previous  govern- 

ment-industry p r o j e c t s  (see f i g u r e  2 )  t o  correlative depths  i n  t h e  

W i l l i a m s  Fork Member of t h e  Mesaverde Formation. 

Geologic Summary 

F igure  3 i s  a diagrammatic cross s e c t i o n  from Grand J u n c t i o n  

t o  Cra ig ,  Colorado, showing t h e  s t r a t i g r a p h i c  p o s i t i o n  of the rocks 

which w e r e  s t i m u l a t e d .  The i n t e r p r e t a t i o n  i s  by M r .  G. G. Loucks. 

The d i s c o n t i n u i t y  of an e x t e n s i v e  f l o o d  p l a i n  sequence comprises 
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a r e g i o n a l  pe rmeab i l i t y  b a r r i e r  t o  n a t u r a l  gas  genera ted  i n  con- 

temporaneous swamp d e p o s i t s .  The zone which w a s  s t i m u l a t e d  i s  

thought  t o  be p a r t  of t h e  nearshore  f a c i e s  of a b r i e f  b u t  e x t e n s i v e  

invas ion  of t h e  L e w i s  sea across t h e  a rea .  

A s  seen  on f i g u r e  4 ,  t h e  i n t e r v a l  i s  about  1 5 0 0  f t  s t r u c t u r a l l y  

h i g h e r  than  correlat ive zones i n  t h e  government-industry w e l l s .  

F igure  5 i s  a composite of  p e r t i n e n t  d a t a  from t h e  i n t e r v a l  

of i n t e r e s t .  Ninety-f ive f t  of  sands tone  i s  p r e s e n t .  Sandstone 

Uni t s  2 ,  3 ,  4 ,  7 ,  8 and 9 are medium t o  coarse g ra ined .  

F r a c t u r e  Treatment 

A f t e r  p e r f o r a t i n g  wi th  1 6  s h o t s  (b l ack  arrows) , n a t u r a l  gas  

product ion  w a s  6 Mcfpd. The p e r f o r a t i o n s  w e r e  s u b j e c t e d  t o  a 111 

b a r r e l  breakdown us ing  3% KC1,  n i t r o g e n ,  and b a l l  sealers. Post 

breakdown flow w a s  about  55 Mcfpd of 1 1 4 2  B.t .u.  gas .  C a l c u l a t i o n s  

of r e s e r v o i r  c a p a c i t y  (Kh) i n d i c a t e d  t h e  i n t e r v a l  c o n t a i n s  about  

1 . 0  m i l l i d a r c y  foot .  

The volumes of  f l u i d  and sand f o r  t h e  f r a c  were determined 

by computer c a l c u l a t i o n s  of  f r a c t u r e  geometry. A t o t a l  of 276 ,000  

g a l l o n s  of f l u i d  (YF4PSD) w a s  designed f o r  t h e  t r e a t m e n t ,  of which 

1 2 , 0 0 0  g a l l o n s  w e r e  t o  be used as pad. The remaining f l u i d  c a r r i e d  

a t o t a l  of  775,000 l b  of sand of t h e  fo l lowing  s i z e :  

225,000 l b s  1 0 0  Mesh (FLA 1 1 0 )  
434,000 l b s  20-40 Mesh 
116,000 l b s  10-20 Mesh 
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The f r a c t u r i n g  f l u i d  c o n s i s t e d  of 40 l b  of a r e f i n e d  g e l  p e r  

1 0 0 0  g a l l o n s  of water. The g e l  w a s  c r o s s l i n k e d  t o  enhance f r a c -  

t u r i n g  f l u i d  p r o p e r t i e s  s u c h  as c leanup,  s t a b i l i t y ,  and t h e  a b i l i t y  

t o  t r a n s p o r t  l a r g e  volumes o f  sand w i t h i n  t h e  f r a c t u r e .  T h e  g e l l i n g  

agen t  s e l e c t e d  (PSD) hydra t e s  a t  a l o w e r  temperature  than  guar ,  

e l i m i n a t i n g  t h e  n e c e s s i t y  t o  main ta in  t h e  w a t e r  temperature  a t  70 F. 

PSD i s  c l e a n e r  t han  guar ;  i . e . ,  i t  c o n t a i n s  approximately 2% s o l i d s  

as opposed t o  1 0 %  i n  t h e  guar .  

0 

A very l o w  s u r f a c e  t e n s i o n  a d d i t i v e ,  a long w i t h  ano the r  su r -  

f a c t a n t  t h a t  has  c l a y  s t a b i l i z i n g  p r o p e r t i e s ,  w a s  employed i n  t h e  

f r a c t u r i n g  f l u i d .  

The w a t e r  used t o  p repa re  t h e  f r a c  f l u i d  w a s  t e s t e d  s e v e r a l  

t i m e s ,  i n c l u d i n g  p r i o r  t o  and a f t e r  the o n - s i t e  s t o r a g e  tanks  were 

f i l l e d .  Storage s i l o s  and sand q u a l i t y  w e r e  checked p r i o r  t o  t h e  

f r a c t u r i n g  o p e r a t i o n s .  A t a i lo red  breaker schedule  was selected 

t o  provide  f o r  a t o t a l  break i n  f o u r  hours  f r o m  t h e  t i m e  pumping 

s t a r t e d .  This  would allow f o r  a s h o r t  s h u t - i n  t i m e  w i th  flowback 

s t a r t e d  immediately a f t e r  temperature  surveys .  

The c a l c u l a t e d  i n j e c t i o n  r e q u i r e d  w a s  37 BPM. This  r a t e  would 

provide approximately 650 p s i  d i f f e r e n t i a l  p r e s s u r e  across t h e  

p e r f o r a t i o n s .  The space r  technique  w a s  designed i n t o  t h e  t r ea tmen t  

t o  i n s u r e  maximum sand p e n e t r a t i o n .  FLA 1 0 0  w a s  used t o  i n h i b i t  

f l u i d  loss i n  any n a t u r a l  f r a c t u r e s  encountered and t o  promote 

deeper  p e n e t r a t i o n  of t h e  induced f r a c t u r e s .  

Actua l  pumping for t h e  massive f r a c t u r i n g  s t a r t e d  a t  1O:OO 

a . m .  on October 2 2 ,  1 9 7 6 .  A t o t a l  of 7 , 6 1 7  barrels  w a s  pumped, 
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i n c l u d i n g  sand volume and f l u s h .  I n j e c t i o n  r a t e  w a s  3 7  BPM a t  

1 , 2 0 0  t o  1 , 8 0 0  p s i ,  w i th  t h e  r a t e  be ing  reduced a t  t h e  end o f  t h e  

t r ea tmen t .  The job  w a s  performed as scheduled .  

P o s t - f r a c  c l eanup  proceeded q u i t e  s a t i s f a c t o r i l y  (see f i g u r e  

6 ) .  I n  b r i e f ,  30% of t h e  f l u i d  flowed back i n  t h e  f i r s t  36 hour s ,  

a f t e r  which t h e  w e l l  d i e d .  Fol lowing e i g h t  days of  swabbing and 

a t o t a l  f l u i d  recovery  of 4 6 % ,  t h e  zone began cont inuous  f low.  

Within an a d d i t i o n a l  t h r e e  days ,  t o t a l  f l u i d  recovery  w a s  70%.  

G a s  f l o w  then  i n c r e a s e d  from gas-cu t  water t o  800 Mcfpd. Within 

22  days  t h e  gas  f low d e c l i n e d  t o  t h e  200 Mcfpd range ,  w i t h  average 

f l u i d  p roduc t ion  be ing  3 b a r r e l s  of  water and 3 b a r r e l s  of  o i l  p e r  

day. 

Th i s  p roduc t ion  ra te  s t a b i l i z e d  a t  130 Mcfpd a f t e r  three months 

of  p roduc t ion .  

Ana lys i s  o f  C h a r a c t e r i s t i c s  

The t e n  sands tone  u n i t s  ( f i g u r e  5)  and t h e i r  c h a r a c t e r i s t i c s  

as i n d i c a t e d  by l o g  i n t e r p r e t a t i o n  are as follows: 

Sand 

N o .  f e e t  
1 1 0  

Uni t  Thickness  
- 

2 1 6  

3 10  

4 1 2  

5 8 
6 6 
7 9 

Sand 
% 
90 

1 0  0 

9 5  

90  

75 

50 

9 5  

Degree of  
Cementation 

T i g h t  

F r i a b l e  

F r i a b l e  

T i g h t  
T i g h t  

? 

F r i a b l e  

P o s t  
D r l g .  G a s  F r a c t u r e  Bkdn 
Break Show Grad ien t  Flow 
Fai r  Good Good Top zero 

& bottom 

Middle 
Good F a i r  Good 1 4 . 4  

F a i r  F a i r  Poor  zero 
? F a i r  Good Top 9.7  

Fa i r  Good Fa i r  z e r o  
Poor Poor Poor 8.4 

F a i r  Good F a i r  Top 1 9 . 1  
(cont inued)  

P o s t  
F rac  

-140  

-140  

1 4 0  

140 
-140 
- 1 4 0  
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Analysis  of Characterist ics - cont inued 

Sand Pos t  P o s t  
Uni t  T h i c k n e s s  Sand Degree of  Drlg.  G a s  F r a c t u r e  Bkdn Frac 

% Cementation Break Show Gradien t  F low Temp N o .  feet 

8 6 100 Friable  Poor Poor Good 16.8 +140 
9 8 80 Fr iable  Good Good Poor 1 6 . 0  -140  

1 0  10 70 T i g h t  Fa i r  Good Good Top 15.6 + 1 4 0  

- - 

Before f r a c ,  logs i n d i c a t e d  Uni t s  1, 3 and 5 w e r e  n o t  c o n t r i b u t i n g  

P e n e t r a t i o n  w a s  b e s t  i n t o  Unit  9 ,  moderate i n t o  Uni t s  2 ,  3 ,  5 ,  6, 

7 ,  9 and 1 0 ,  and leas t  i n t o  Un i t s  1, 4 and 8. 

Pre-f rac 

Unit  2:  

Unit  3:  

Uni t  5: 

Unit  6 :  

Uni t  7: 

Uni t  9: 

I n d i c a t i o n s  of Recep t iv i ty  t o  Pene t r a t ion :  

P o s i t i v e  i n  a l l  c h a r a c t e r i s t i c s .  

P o s i t i v e  excep t  f o r  f r a c t u r e  g r a d i e n t  and post 
breakdown flow. 

P o s i t i v e  excep t  f o r  p o s t  breakdown flow. 

Negative i n  a l l  characterist ics excep t  p o s t  
breakdown flow and temperature  logs .  

P o s i t i v e  excep t  for f r a c t u r e  g r a d i e n t .  

P o s i t i v e  excep t  f o r  o v e r a l l  sand q u a l i t y .  

Log I n d i c a t i o n s  for  Poorest P e n e t r a t i o n :  

Unit  1: P o s i t i v e  excep t  f o r  f i rmness  and poor f r a c  
g r a d i e n t  i n  t h e  middle. 

Unit  4 :  P o s i t i v e  excep t  for  f i rmness  and poor f rac  
g r a d i e n t  i n  t h e  middle.  

Unit  8: P o s i t i v e  excep t  f o r  comparat ively poor 
d r i l l i n g  break 
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F r a c  R e s u l t  Summary 

U n i t s  1, 3 ,  and 5 w e r e  n o t  c o n t r i b u t i n g  t o  p o s t  breakdown 

flow. The frac p robab ly  e s t a b l i s h e d  b e s t  communication w i t h  U n i t  

3 because of r e c e p t i v e  s a n d  q u a l i t y .  

U n i t s  2, 3 ,  4 ,  and 5 p r o b a b l y  compr ise  one s a n d s t o n e  body 68  

fee t  i n  t h i c k n e s s .  The f r a c  p robab ly  made i t s  main p e n e t r a t i o n  

i n t o  U n i t s  2 and 3 ,  because o f  r e c e p t i v e  s a n d  q u a l i t y .  

U n i t  6 may be a s e p a r a t e  2 4  foot  u n i t  o f  f r a c t u r e d  or l amina ted  

sandy s i l t s t o n e  i n t o  which t h e  f r a c  p e n e t r a t e d .  

U n i t s  7 ,  8 ,  9 and 1 0  p robab ly  compr ise  one  s a n d s t o n e  body 4 2  

f ee t  i n  t h i c k n e s s .  The main f r a c  p e n e t r a t i o n  w a s  i n t o  U n i t  9 ,  

because  o f  i t s  r e c e p t i v e  sand  q u a l i t y .  

N o  combina t ion  of  p r e f r a c  c h a r a c t e r i s t i c s  s u p p l i e d  by t h e  methods 

used a p p e a r s  t o  f u r n i s h  i n f o r m a t i o n  i n d i c a t i v e  of  s p e c i f i c  s a n d s t o n e  

u n i t  r e c e p t i v e n e s s  t o  f r a c  s t i m u l a t i o n  i n  t h e  Phase  I Zone. 

Conc lus ions  

1. Sands tone  u n i t s ,  which are t h e  m o s t  f r i a b l e  and had  t h e  

fas tes t  d r i l l i n g  t i m e s ,  w e r e  t h o s e  m o s t  r e c e p t i v e  t o  f r a c t u r e  

s t i m u l a t i o n .  

2 .  G a s  shows i n  t h e  d r i l l i n g  f l u i d s  o r  d r i l l  c u t t i n g s  are n o t  

dependable  i n d i c a t o r s  of t h e  p o t e n t i a l  p r o d u c t i v i t y  of any p a r t i c u l a r  

s a n d s  t o n e  u n i t .  

3 .  I n  t h e  absence  o f  a c o n s i s t e n t  method f o r  choos ing  t h o s e  

f r a c  c a n d i d a t e s  m o s t  r e c e p t i v e  t o  h y d r a u l i c  f r a c t u r i n g ,  a s u f f i c i e n t  

number o f  s a n d s t o n e  u n i t s  s h o u l d  b e  selected f o r  t r e a t m e n t  t o  
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maximize t h e  p r o b a b i l i t y  of s u c c e s s f u l  averaging of  i n d i v i d u a l  

s t i m u l a t i o n  r a t i o s .  

Comments on Economics 

The 51498-4-1 Govt. i s  t h e  f i rs t  w e l l  i n  t h e  g e n e r a l  a r e a  t o  

be d r i l l e d  us ing  e x c l u s i v e l y  a KC1 mud program and KC1 f r a c  f l u i d s .  

The KC1 system appears  t o  r e s u l t  i n  an o v e r a l l  r educ t ion  of t h e  

degree of s w e l l i n g  of c l a y  mine ra l s .  O l d e r  w e l l s  i n  t h e  area com- 

p l e t e d  i n  c o r r e l a t i v e  zones r e q u i r e d  pumping equipment t o  b r i n g  t h e  

produced f l u i d s  t o  t h e  s u r f a c e  i n  order t o  effect  s u s t a i n e d  gas  f l o w .  

P r i o r  t o  t h e  MHF i n  #498-4-1 t w o  fracs w e r e  performed immediately 

downhole i n  approximate 1 0 0  f t  i n t e r v a l s .  These s t i m u l a t i o n s  re- 

s u l t e d  i n  a comingled f l o w  ra te  of 250 Mcfpd. A l l  three zones demon- 

s t ra te  an a b i l i t y  t o  s u s t a i n  cont inuous f l o w  rates s u f f i c i e n t  t o  

p reven t  f l u i d  load ing  of t h e  tub ing  and cas ing- -e l imina t ing  t h e  

need f o r  pumping equipment. 

A s  seen  on f i g u r e  3 ,  t h e  rocks treated thus  f a r  are v e r t i c a l l y  

p o s i t i o n e d  i n  t h e  middle of a 1 5 0 0  f t  t h i c k  sequence which i s  i n -  

t e r p r e t e d  t o  be a s t r a t i g r a p h i c  gas  t r a p .  N o  app rec i ab le  volume 

of water has been recovered w e s t  of Piceance Creek  f i e l d  f r o m  t h i s  

sequence i n  w e l l s  on f i g u r e  4 whose s t r u c t u r a l  p o s i t i o n s  a r e  between 

+ 1 6 4 2  and -1375. The p o t e n t i a l  f o r  a s i z a b l e  development program 

e x i s t s .  The fracs performed i n  #498-4-1 have e f f e c t e d  about  one- 

q u a r t e r  of t h e  zones of i n t e r e s t .  I f  t h e  p r e s e n t  s t i m u l a t i o n  r a t io s  

can be  maintained i n  t r ea tmen t  of t h e  ba lance  of t h e  sequence a 

d e l i v e r a b i l i t y  exceeding 1 m i l l i o n  cfgpd w i l l  r e s u l t .  
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As t h e  a r t  of f r a c t u r e  s t i m u l a t i o n  improves, and as t h e  

a b i l i t y  t o  select t a r g e t  sequences whose s t r a t i g r a p h i c  h i s t o r i e s  

a s s u r e  hydrocarbon gene ra t ion  and reservoir presence  under t r a p p i n g  

cond i t ions  i n c r e a s e s ,  many cost sav ings  w i l l  be  p o s s i b l e .  

I n h e r e n t l y ,  costs o f  d r i l l i n g  and completion i n  t h i s  t i g h t  

gas  reservoir w i l l  remain comparat ively h igh .  The r e fe renced  f i n a l  

r e p o r t  f o r  t h e  MHF i n c l u d e s  an economic a n a l y s i s  of a l l  work per-  

formed i n  #498-4-1 t o  d a t e .  I t  p r o j e c t s  a s ix -yea r  payout pe r iod  

f o r  t h e  $800,000 i n v e s t e d  t o  d a t e .  Dependable c a l c u l a t i o n  o f  

payout t i m e  awaits f e d e r a l  a c t i o n  on gas  p r i c i n g .  

The t iming of f u l l  scale development of t h i s  reserve w i l l  be  

keyed t o  rea l i s t ic  long t e r m  p r i c i n g  r e g u l a t i o n s  which recognize 

t h e  economics involved.  

Reference: Massive Hydraul ic  F r a c t u r i n g  W e l l  Fede ra l  N o .  498-4-1 
R i o  Blanco County, Colorado, F i n a l  Report ,  H .  K. van 
Pool len ,  A .  A .  I sh t e iwy ,  R. E. Chancel lor ,  February,  
1977.  Prepared f o r  t h e  U. S .  Energy Research and 
Development Adminis t ra t ion ,  Nevada Operat ions O f f i c e ,  
Under Con t rac t  N o .  EY-76-C-08-0677. 
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F I G U R E  5 
RIO BLANCO NATURAL GAS CO. - ERDA MHF 4 9 8 - 4 - 1  

CONTRACT NO. EY-76-C-08-0677 
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GAS STIMULATION S T U D I E S  AT LASL 

W .  J .  C a r t e r ,  B. W .  O l i n g e r ,  N. E .  Vanderborgh, and T.  E .  Spr inger  

Los Alamos S c i e n t i f i c  Labora tory  

Los Alamos, NM 87545 

ABSTRACT 

Opt imized s t i m u l a t i o n  o f  georesource r e s e r v o i r s  r e q u i r e s  a thorough 
unders tand ing  of the  p h y s i c a l ,  chemical ,  and mechanical  p r o p e r t i e s  o f  t h e  
bed, o f  t h e  systems and eng ineer ing  problems a s s o c i a t e d  w i t h  f i e l d  exe- 
c u t i o n ,  and o f  t h e  complex t e c h n i c a l  and economic r e l a t i o n s  between per-  
m e a b i l i t y  and p r o d u c t i o n .  I n  suppor t  of t h e  Morgantown Energy Research 
Center and t h e  Eas tern  Gas Shales P r o j e c t ,  t h e  Los Alamos S c i e n t i f i c  
Labora tory  has under taken an i n t e g r a t e d  research  program t o u c h i n g  on  a l l  
these aspects  o f  t h e  problem. S p e c i f i c a l l y ,  t h e  program i n c l u d e s  

a) Dynamic Rock Response. Hugoniots ,  dynamic s p a l l  s t r e n g t h s ,  
wave p r o f i l e s  on shock and re lease,  and u l t r a s o n i c  e l a s t i c  cons tan ts  
have been determined as f u n c t i o n s  o f  m a t e r i a l  d e n s i t y  and bedding 
o r i e n t a t i o n  f o r  Devonian shales.  These d a t a  f o r m  t h e  b a s i s  o f  p r e d i c t i v e  
e x p l o s i v e  s t i m u l a t i o n  technology. 

b) E x p l o s i v e l y - D r i v e n  J e t s .  Weapons-developed shaped charges u s i n g  
heavy meta l  l i n e r s  a r e  be ing  i n v e s t i g a t e d  f o r  downhole use i n  o r d e r  t o  
produce a h o r i z o n t a l  m a n i f o l d  system l e a d i n g  t o  a c e n t r a l  borehole.  
A p p l i c a t i o n s  o f  the  paths produced by these d e v i c e s  i n c l u d e  i n t e r s e c t i o n  
of t h e  n a t u r a l  f r a c t u r e  p a t t e r n s ,  e x p l o s i v e  or chemical  emplacement, o r  
p roduc ing  h y d r o f r a c t u r e s  d isp laced from t h e  boreho le .  

c) Laser P y r o l y s i s .  Pulsed l a s e r  h e a t i n g  r e s u l t s  i n  a r a p i d  
d e p o s i t i o n  o f  p r e c i s e  q u a n t i t i e s  o f  thermal  energy i n t o  s e l e c t e d  sha le  
volumes. Such laser - induced p y r o l y s i s  forms t h e  b a s i s  fo r  a r a p i d  assay 
technique which can be used a t  the we l lhead or as a downhole l o g g i n g  t o o l .  

d) Computer S imu la t ion .  A computa t iona l  techn ique u s i n g  a h y b r i d  
(analog and d i g i t a l )  computer i s  b e i n g  developed w i t h  t h e  u l t i m a t e  o b j e c -  
t i v e  zf  s i m u l a t i n g  proposed e x t r a c t i o n  t e c h n o l o g i e s  t o  e s t a b l i s h  optimum 
economic s t i m u l a t i o n  methods. 

Three o f  these program elements a r e  d iscussed i n  t h e  f o l l o w i n g  
s e c t  ions.  

Prepared for ERDA under Cont rac t  Nos. BB-01-02-02 and BB-01-02-04. 
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I EASTERN GAS SHALES UNDER DYNAMIC STRESS 

Successfu l  p r e d i c t i o n  and o p t i m i z a t i o n  o f  e x p l o s i v e  e f f e c t s  i n  
g e o l o g i c  m a t e r i a l s  r e q u i r e s  a thorough knowledge o f  t h e  c o n s t i t u t i v e  
r e l a t i o n s  gove rn ing  t h e  r e l a t i o n  o f  r o c k  response t o  i m p u l s i v e  l o a d i n g .  
Such c o n s t i t u t i v e  r e l a t i o n s  must i n c l u d e  d e s c r i p t i o n  o f  b o t h  wave p r o -  
p a g a t i o n  and f r a c t u r e  phenomena under dynamic s t r e s s .  The i n i t i a l  phase 
o f  o u r  program t h e r e f o r e  was d i r e c t e d  toward  a c q u i r i n g  these b a s i c  d a t a .  
Here, some o f  t h e  dynamic p r o p e r t i e s  o f  gas sha les  and t h e  techniques 
used t o  de te rm ine  them a r e  d iscussed.  

ELASTIC PROPERTIES 

The d e t e r m i n a t i o n  o f  t h e  e l a s t i c  c o n s t a n t s  o f  gas sha les  i s  t h e  f i r s t  
s t e p  towards under5 tand ing  t h e  s h a l e ' s  response t o  b o t h  s t a t i c  and dynamic 
s t r e s s e s .  The samples whose dynamic p r o p e r t i e s  a r e  presented h e r e  were 
o b t a i n e d  f r o m  o n l y  two p i e c e s  o f  4 - i nch -co re  f rom t h e  Columbia Gas Company 
Wel l  No. 20402, one from approx ima te l y  1040 m and t h e  o t h e r  f r o m  I 0 9 3  m 
below t h e  su r face .  X-ray d i f f r a c t i o n  p a t t e r n s  showed b o t h  t o  be common 
i l l i t e  sha les  where the  compos i t i on  i s  v e r y  f i n e  s i l i c a  or  q u a r t z  g r a i n s  
and a minor  amount o f  anhydrous c l a y  m i n e r a l s .  The d e n s i t i e s  o f  t h e  two 
p ieces  a r e  2.7 Mg/m3 (1040 m i n  depth)  and 2.4 Mg/m3 (1093 m) . 
s i t i t e s  span a commonly accepted b u l k  d e n s i t y  o f  2.55 mg/m3 f o r  e a s t e r n  
gas sha les .  

These den- 

The symmetry o f  t h e  e l a s t i c  p r o p e r t i e s  o f  e a s t e r n  gas sha les  i s  
t r a n s v e r s e  i s o t r o p i c .  T h i s  means t h a t  t h e r e  i s  an e l a s t i c  symmetry a x i s  
o f  r o t a t i o n  p e r p e n d i c u l a r  to  t h e  bedding and an  e l a s t i c  a x i s  o f  t w o - f o l d  
symmetry i n  the  bedding p lanes .  

The samples i e r c  p r c p z r r d  f o r  sound speed measurements by c u t t i n g  
them i n t o  p l a t e s  30 t o  60 ili*i i n  d iamete r  and 2.0- to  7.5-mm-thick a t  
ang les  O", 45", a n d  30" t o  t h e  bedding.  D e n s i t i e s  were determined u s i n g  
t h e  submersion met t tas.  Thd sound speeds were determined f r o m  t h e  d i f f r r -  
ence i n  t i m e  an u l t r a s o n i c  p u l s e  took  t o  t r a v e r s e  an aluminum p l a t e  and 
t h e  comb ina t ion  o f  t h e  same aluminum p l a t e  and a gas s h a l e  p l a t e .  Because 
of i n t e r f e r e n c e s  o f  t h e  u l t r a s o n i c  p u l s e s  a t  t h e  s h a l e  bedding i n t e r f a c e s ,  
o n l y  f i r s t  p u l s e  s r r i \ , s l i  ~ ~ ~ 1 - e  measured. S p e c i f i c a l l y ,  an aluminum p l a t e  
i s  s e t  between the  t r s r l c i i i t t i n g  and r e c e i v i n g  22-mm-diameter t ransducers  
(10 MHz x - c u t  q u a r t z  f o r  l o n g i t u d i n a l  modes and 5 MHz y - c u t  q u a r t z  f o r  
shear modes). The f i r s t  s i g n a l  a r r i v a l  t h rough  t h e  p l a t e  i s  s e t  to a 
f i d u c i a l  on t h e  screen of a T e k t r o n i x  454 o s c i l l o s c o p e ,  and t h e  r e c e i v e d  
p u l s e  i s  a m p l i f i e d  by a T e k t r o n i x  461A wideband a m p l i f i e r .  
specimen p l a t e  i s  then p laced  between t h e  t r a n s d u c e r s  a l o n g  w i t h  t h e  
aluminum p l a t e .  A s u i t a b l e  o i l  o r  r e s i n  i s  used t o  bond a l l  sample- 
p l a t e - t r a n s d u c e r  i n t e r f a c e s .  The f i r s t  s i g n a l  a r r i v a l  i s  a g a i n  r e s e t  t o  
t h e  f i d u c i a l  u s i n g  the d e l a y - t i m e - m u l t i p l i e r  d i a l  o f  t h e  o s c i l l o s c o p e .  
The de lay  o r  t ime  d i f f e r e n c e  was de te rm ined  u s i n g  a t i m e  i n t e r v a l  meter 
of nanosecond accuracy and the  two g a t e  p u l s e s  generated by t h e  o s c i l l o -  
scopes. 

The gas s h a l e  
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We have assumed that the elastic wave velocities are a linear func- 
tion of density over the density range studied here. This assumption is 
known to be valid for kerogen-containing Green River oil shales for  
samples of widely varying density. The linear equations f o r  the five 
different propagation modes measured are listed below with a description 
of each. 

Vl(km/s) = +1.679 + 1.277 p 

(V1 is the longitudinal velocity directed parallel to the shale 

p = 2.4 to 2.7 Mg/m3 

bedding .) 

V3 (km/s) = -1.003 + 1.808 p p = 2.4 to 2.7 Mg/m3 2 )  

(V is the longitudinal velocity directed perpendicular to the 
sha 1 e bJdd i ng . ) 

V4(km/s) = -1.332 + 1.438 p p = 2.4 to 2.7 Mg/m3 3) 

(V4 is both the shear velocity directed perpendicular to the bedding 
of the shale, and the shear velocity directed parallel to the bedding 
with particle motion perpendicular to the bedding.) 

V5(km/s) = +1.151 + 1.245 p 

V6(km/s) = +1.416 + 0.627 p 

p = 2.4 to 2.7 Mg/m3 4) 

(V5 is a quasi-longitudinal velocity directed at 45" to the bedding.) 

p = 2.4 to 2.7 Mg/m3 5 )  

(v6 is the shear velocity directed parallel to the bedding with the 
particle motion also paraliel to the bedding.) 

The velocities are converted to the elastic moduli of a transverse 
isotropic sol id by the following relations, 

The elastic moduli and bulk sound speed for the two density shales studied 
here and for the average bulk density shale are listed in Table 1 .  
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DYNAMIC T E N S I L E  STRENGTHS 

I n  a shock wave's d i v e r g e n t  p ropagat ion  f r o m  b o t h  s p h e r i c a l  and c y l i n -  
d r i c a l  symmetries, t h e  i n i t i a l  p o s i t i v e  compression r a p i d l y  c o n v e r t s  i n t o  
tens ion.  T h i s  dynamic t e n s i l e  s t r e s s  i s  a major  cause o f  f r a c t u r e  i n  t h e  
surrounding rock.  Another f o r m  o f  f r a c t u r e ,  though minor,  caused by dynamic 
t e n s i l e  s t r e s s  i s  s p a l l a t i o n .  S p a l l i n g  occurs beh ind  a f r e e  s u r f a c e  a t  
which a f i n i t e  shock wave re leases ;  t h e  r e s u l t i n g  r a r e f a c t i o n  wave from t h e  
f r e e  sur face  and r a r e f a c t i o n  wave f o l l o w i n g  the  shock c o l l i d e  and form a 
spreading t e n s i o n  wave. Thus, t h e  dynamic t e n s i l e  s t r e n g t h  of rock i s  an 
impor tant  p r o p e r t y  t o  be determined when a t t e m p t i n g  t o  p r e d i c t  t h e  f r a c t u r e  
p a t t e r n  of a rock.  Here a technique i s  d e s c r i b e d  fo r  d e t e r m i n i n g  t h e  dy- 
namic t e n s i l e  s t r e n g t h  o f  gas shales and the  r e s u l t s  o f  s t u d i e s  u s i n g  t h i s  
technique a r e  presented.  

The technique i n v o l v e s  impact ing  shales o f  known shock impedance and 
bedding o r i e n t a t i o n  w i t h  a t h i n  d r i v e r  o f  known shock impedance g e n e r a t i n g  
a w e l l - d e f i n e d  shock i n  t h e  sha le .  The impedance o f  the  impactor  p l a t e  i s  
chosen so t h a t  t h e  i n t e r f a c e  between t h e  impactor  and t h e  sample separa te  
a f t e r  passage of t h e  r a r e f a c t i o n  wave f rom t h e  r e a r  f r e e  s u r f a c e  o f  t h e  
impactor.  I f  t h e  exper imeta l  c o n f i g u r a t i o n  i s  p r o p e r l y  designed, t h e  r a r e -  
f a c t i o n  from t h e  impact s u r f a c e  o f  t h e  shales and t h e i r  o t h e r  sur face  
which i s  f r e e  i n t e r a c t  i n  t h e  m i d d l e  r e g i o n  o f  t h e  s h a l e  samples, c r e a t i n g  
a t e n s i o n  wave. The t a r g e t  p l a t e  i n  wh ich  t h e  s h a l e  samples a r e  mounted 
i s  recovered and t h e  shales a r e  removed and examined f o r  s p a l l .  The e x p e r i -  
mental c o n f i g u r a t i o n  i s  shown and d e s c r i b e d  i n  F i g .  1 .  

The impactor p l a t e  used i s  po lymethy l  m e t h a c r y l a t e  (PMMA), po = 1.186, 
i t s  th ickness  chosen t o  cause c o l l i s i o n  o f  the  r a r e f a c t i o n s  midway th rough 
the  gas shale.  S ince  t h e  shock v e l o c i t y  i n  shales a r e  w i t h i n  a few p e r c e n t  
of t h e i r  e l a s t i c  l o n g i t u d i n a l  v e l o c i t i e s  a t  these s t r e s s  l e v e l s ,  i t  was 
assumed the  s t r e s s  P induced i n  the  gas sha le  sawples i s  a p p r o x i m a t e l y  

P = p c p p  

where p i s  the d e n s i t y  o f  the sha le ,  CL i s  the  fiIeasured e l a s t i c  l o n g i t u d i n a l  
v e l o c i t y ,  and up i s  t h e  p a r t i c l e  o r  i n t e r f a c e  v e l o c i t y  between t h e  PMMA 
and shale.  S ince t h e  s t r e s s  l e v e l s  induced were approx imate ly  100 MPa 
(0.1 GPa, 1 k i l o b a r ) ,  t h e  s t r e s s  induced i n  the Pf4MA impact p l a t e  i s  
approx imate ly  

where p i s  the  d e n s i t y  o f  t h e  PMMA, C B  i s  t h e  b u l k  e l a s t i c  v e l o c i t y  as d e t e r -  
mined from the PMMA Hugoniot  (CB = 2.598 k m / s ) ,  U D  i s  t h e  p a r t i c l e  or  i n t e r -  
face v e l o c i t y  b e f o r e  impact and Up i s  the p a r t i c l e  o r  i n t e r f a c e  v e l o c i t y .  
A t  impact, b o t h  t h e  s t r e s s  and t h e  i n t e r f a c e  v e l o c i t y  i n  t h e  gas s h a l e  and 
t h e  PMMA a t  the i n t e r f a c e  a r e  the same. I f  t h e  shock wave i n  t h e  gas s h a l e  
i s  n o t  overtaker,  by the  r e l e a s e  wave, and the  t h i c k n e s s  o f  the  impact p l a t e  
i s  such a s  t o  p r e v e n t  t h i s ,  t h e  magnitude o f  t h e  maximum t e n s i o n  induced i n  
the sample should n e a r l y  equal  t h e  maximum s t r e s s .  
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where t h e  s s u b s c r i p t  denotes gas s h a l e  and p denotes PMMA. Both  the den- 
s i t y  and e l a s t i c  l o n g i t u d i n a l  v e l o c i t y  of each s h a l e  sample a r e  determined 
b e f o r e  each impact exper iment ,  and t h e  impact p l a t e  v e l o c i t y  i s  determined 
d u r i n g  t h e  exper iment  ( F i g .  l ) ,  thus t h e  t e n s i o n  induced i n  each sample 
can be r e a d i l y  c a l c u l a t e d .  

The d i a g n o s i s  o f  an impact exper iment  i s  s t r a i g h t f o r w a r d .  The t a r g e t  
p l a t e  i s  recovered i n  a l a r g e  r a g - f i l l e d  tank,  i t s  back i s  removed and t h e  
gas s h a l e  samples a r e  pressed o u t .  Each s h a l e  i s  then examined f o r  s p a l l i n g .  
I t  was found t h a t  sha les  h a v i n g  a d e n s i t y  o f  2.69 Mg/m3 would n o t  s p a l l  
under t e n s i o n  as h i g h  as 66 MPa (0.66 kbars)  i f  t h e  t e n s i o n  waves propa- 
gated a long t h e  bedding, b u t  sha les  o f  a s i m i l a r  d e n s i t y ,  2.57 Mg/m3, s p a l l e d  
as low as 45 MPa (0.45 kbars )  i f  t h e  t e n s i o n  waves propagated p e r p e n d i c u l a r  
t o  the  bedding. For sha les  hav ing  a d e n s i t y  o f  2.40 Mg/m3, t h e  t e n s i l e  
s t r e n g t h s  were l e s s  than 40 MPa f o r  b o t h  p r o p a g a t i o n  d i r e c t i o n s .  The s t r e s s  
r a t e s  i n v o l v e d  i n  these exper iments a r e  o f  the  o r d e r  o f  1 GPa/ps (10 kbars/  
ps) and reg ions  under t e n s i o n  remain i n  t e n s i o n  o n l y  about 2 us  i f  they do 
n o t  s p a l l .  Exper iments i n v o l v i n g  lower  s t r e s s  r a t e s  and l o n g e r  t e n s i o n  
d u r a t i o n s  would f i n d  t h e  t e n s i l e  s t r e n g t h s  o f  t h e  gas shales to  be s m a l l e r .  

RESPONSE TO PLANE STRESS IMPULSES 

P r o p e r t i e s o f g a s  sha les  i n  response to  dynamic s t r e s s  can b e s t  be 
determined f r o m  t h e  a n a l y s i s  o f  t h e  degradat ion  o f  f i n i t e  s t r e s s  impluses as 
they pass through the  sha les .  Var ious techniques and analyses a r e  c u r r e n t l y  
used by v a r i o u s  l a b o r a t o r i e s ,  many o f  them o r i g i n a t i n g  a t  t h e  Stan ford  
Research I n s t i t u t e  and the  Sandia L a b o r a t o r i e s  a t  Albuquerque. 

The technique used here  i s  t o  measure t h e  s t r e s s  h i s t o r y  o f  an impulse 
a t  severa l  depths i n  a s h a l e  sample. The sample assembly c o n s i s t s  o f  a 
s t a c k  of p l a t e s  a l l  40-nun i n  d iameter .  The f i r s t  p l a t e  i s  2 - m - t h i c k ,  the  
second and t h i r d  p l a t e s  a r e  4.5-mm-thick; and t h e  f o u r t h  i s  5-mm-thick. 
The impactor p l a t e  i s  u s u a l l y  3-mm-thick. The d e n s i t y ,  e l a s t i c  p r o p e r t i e s ,  
and o r i e n t a t i o n  of a l l  p l a t e s  a r e  matched. Between the s h a l e  p l a t e s  of t h e  
sample assembly a r e  50-ohm g r i d s  o f  0.01-mm-thick Manganin f o i l  t h a t  cover  
an area o f  40 mm2 i n  t h e  c e n t e r  r e g i o n  o f  the  p l a t e s .  
the  g r i d s  a r e  w e l l  d e f i n e d  as a f u n c t i o n  o f  s t r e s s  under impact c o n d i t i o n s .  
The r e s i s t a n c e  i s  deduced f rom the  v o l t a g e  generated a t  the  n u l l  p o i n t  o f  
a pu lsed Wheatstone b r i d g e  caused by t h e  change i n  r e s i s t a n c e  of  t h e  man- 
ganin g r i d .  The sample-manganin gage s t a c k  i s  p l a c e d  i n  a t a r g e t  p l a t e  
and surrounded by v e l o c i t y  p i n s .  The e n t i r e  assembly looks much l i k e  t h a t  
i n  F i g .  1 except  t h a t  t h e  6 smal l  samples a r e  r e p l a c e d  by the  s tack ,  and 
t h e  PMMA p l a t e  mounted on t h e  h o l  owed A1 p r o j e c t i l e  i s  rep laced w i t h  copper 
p l a t e s  f o r  h i g h  s t r e s s  l e v e l s  and aluminum p l a t e s  fo r  l o w  s t r e s s  l e v e l s .  

The r e s i s t a n c e  of 

I n  the  upper l e f t  diagrams o 
t o r i e s  such as were recorded i n  a 

F i g s ,  2 and 3 a r e  t y p i c a l  s t r e s s  h i s -  
number o f  exper iments on the gas  shales.  
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The d i f f e r e n c e  between the  t w o  exper iments i s  t h e  s t r e s s  l e v e l s ,  The 
response o f  t h e  sha les  t o  t h e  shock l o a d i n g  and un load ing  was c a l c u l a t e d  
u s i n g  a computer code, GUINSY2, w r i t t e n  by Lynn Seaman o f  S t a n f o r d  
Research I n s t i t u t e .  The theory  on wh ich  t h e  code i s  based and an e x p l a -  
n a t i o n  o f  how t h e  code is used was e a r l i e r  descr ibed by Seaman ( 1 ) .  The 
a n a l y s i s  r e q u i r e s  t h e  s t r e s s  h i s t o r i e s ,  a c o r r e l a t i o n  o f  r e g i o n s  on  t h e  
s t r e s s  p r o f i l e s ,  t h e  i n i t i a l  d e n s i t y  of t h e  shales,  and t h e  i n i t i a l  gage 
l o c a t i o n s .  From t h e  a n a l y s i s  t h e  s p e c i f i c  volume, t h e  p a r t i c l e  v e l o c i t y ,  
and i n t e r n a l  energy of t h e  shales a r e  c o r r e l a t e d  w i t h  t h e  s t r e s s  as a 
f u n c t i o n  o f  t i m e  a t  each gage l o c a t i o n .  I n  t h e  remain ing diagrams of 
the  f i g u r e s  a r e  p l o t t e d  p a r t i c l e  v e l o c i t y  as a f u n c t i o n  of t h e  l o a d i n g  
and un load ing  s t r e s s ,  s t r a i n  as a f u n c t i o n  o f  t h e  l o a d i n g  and u n l o a d i n g  
s t r e s s ,  and t h e  l o a d i n g  and un load ing  wave v e l o c i t y  as a f u n c t i o n  of 
p a r t i c l e  v e l o c i t y .  

HUGONIOTS OF EASTERN GAS SHALES 

The response o f  the gas shales t o  l a r g e  shocks, between 10 and 100 
GPa, was determined f rom simultaneous measurements o f  t h e  shock wave v e l o -  
c i t i e s  through gas s h a l e  samples and th rough a s tandard  m a t e r i a l  whose 
Hugoniot  ( e q u a t i o n  o f  s t a t e  under shock compression) i s  w e l l  known. The 
exper imenta l  techn ique i s  descr ibed i n  d e t a i l  e lsewhere ( 2 ) .  From t h e  
measured shock v e l o c i t i e s  through b o t h  the  shales and the  s tandard,  t h e  
mass or p a r t i c l e  v e l o c i t i e s  through t h e  shales a r e  deduced. 

The s t a t e  o f  gas s h a l e  i s  comple te ly  d e f i n e d  by knowing o n l y  t h e  s h a l e ' s  
i n i t i a l  d e n s i t y  (p,), t h e  shock v e l o c i t y  (Us), and t h e  p a r t i c l e  v e l o c i t y  
(Up).  The p r e s s u r e  (P) ,  compression ( I-V/Vo), and change i n  i n t e r n a l  
energy (AE) f o r  t h e  s h a l e  a r e  d e r i v e d  f rom the  above t h r e e  parameters u s i n g  
;he Hugoniot  r e l a t i o n s  

P = p U U  
O S P  

v/vo = (us-up) /us 

9) 

AE = P(l-V/Vo)/2p, 1 1 )  

The locus  o f  U s ,  Up p o i n t s  f o r  m a t e r i a l  n o t  undergoing t r a n s i t i o n s  i n  
s t r u c t u r e  o r  bonding and n o t  i n f l u e n c e d  s i g n i f i c a n t l y  by r i g i d i t y  e f f e c t s  
i s  l i n e a r ,  

u = c + s u  . 12) 
S P 

The data  p l o t t e d  i n  f i g u r e s  4-7 can be f i t  s a t i s f a c t o r i l y  w i t h  two l i n e a r  
f i t s  w i t h  a b reak  between them a t  approx imate ly  Us = 5.75 km/s. T h i s  i n -  
d i c a t e s  t h a t  t h e r e  i s  a d i s c r e t e  r e d u c t i o n  i n  t h e  volumes o f  t h e  shales a t  
the pressure  a s s o c i a t e d  w i t h  t h a t  shock v e l o c i t y ,  20 GPa. The volume 
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r e d u c t i o n  a t  t h a t  p ressure  between t h e  t w o  Hugoniots i s  6% fo r  t h e  2.4 Mg/m3 
shales  and 7% f o r  the  h i g h e r  d e n s i t y  sha les .  S ince  t h e  major  component of 
the gas shales i s  q u a r t z  (30% to 60% by volume) t h e  change i n  volume can 
probab ly  be a t t r i b u t e d  t o  t h e  a - q u a r t z  t o  s t i s h o v i t e  phase t r a n s f o r m a t i o n .  
The t r a n s i t i o n  pressure  found h e r e  i s  6 to  10 GPa above t h e  q u a r t z - s t i s h o -  
v i t e  pressure where t h e  t r a n s i t i o n  o c c u r s  a t  25°C ( e x t r a p o l a t e d  f r o m  h i g h  
temperature,  s t a t i c  h i g h  p r e s s u r e  data)  and occurs  under shock compression, 
r e s p e c t i v e l y .  There a r e  s e v e r a l  e x p l a n a t i o n s  f o r  t h i s  d i f f e r e n c e .  The 
f i r s t  i s  t h a t  the  q u a r t z ,  f l o a t i n g  i n  a m a t r i x  of kerogen and o t h e r  m i n e r a l s ,  
r e q u i r e s  t ime t o  a t t a i n  an e q u i l i b r i u m  p r e s s u r e  and to t rans form,  r e s u l t i n g  
i n  a shock wave, whose v e l o c i t y  i s  measured, b e i n g  f o l l o w e d  by a r e l a x a t i o n  
wave caused by t h a t  t r a n s i t i o n .  Below 20 GPa t h e  shock wave i s  n o t  o v e r r u n  
by the  r e l a x a t i o n  wave for  sample t h i c k n e s s  used here, 5 mm. The o t h e r  ex- 
p l a n a t i o n  i s  t h a t  because of shock h e a t i n g  caused by pore  c o l l a p s e  and com- 
p r e s s i o n  o f  the  kerogen, t h e  normal equal ib r iu rn  t r a n s i t i o n  p r e s s u r e  for  
q u a r t z  i s  s h i f t e d  to  h i g h e r  p ressures .  The knowledge of wh ich  e x p l a n a t i o n  
i s  c o r r e c t  may be impor tan t  s i n c e  the  f i r s t  e x p l a n a t i o n  would mean t h a t  the  
sha les  may be a b l e  t o  absorb l a r g e  amounts o f  energy a t  p ressures  as low as 
10 to  14 GPa. 

I n  a d d i t i o n  t o  t h e  t r a n s i t i o n  pressures  not b e i n g  a t  e q u i l i b r i u m ,  t h e  
lower  p ressure  Hugoniots  a r e  a l s o  n o t  a t  e q u i l i b r i u m .  For e q u i l i t r i u r n ,  t h e  
c o n s t a n t  term i n  t h e  l i n e a r  r e l a t i o n  (12) i s  a l s o  he b u l k  sound speed. 
Comparing t h e  b u l k  sound speed va lues  i n  Tab le  1 w t h  t h e  i n t e r c e p t s  i n  
F i g s .  4-7, one f i n d s  t h e  i n t e r c e p t s  to have much h gher va lues .  The Hugo- 
n i o t s  determined f o r  these sha les  a t  low pressures a r e  a combina t ion  o f  
e q u i l i b r i u m  compressions o f  t h e  s h a l e  c o n s t i t u e n t s  and s t r o n g  e l a s t i c  corn- 
ponents. The e l a s t i c  i n f l u e n c e  i s  e v i d e n t  i n  a comparison o f  t h e  i o n g i t u -  
d i n a l  e l a s t i c  wave v e l o c i t i e s  o f  t h e  h i g h e r  d e n s i t y  shales and t h e i r  Us,  
Up i n t e r c e p t s .  

The h i g h  pressure  Hugoniots  ( t h e  upper l i n e a r  Us, Up f i t s  i n  F i g s .  
4-71 a l l  agree w e l l .  Ho!if-ver, a l l  t h e  d a t a  seem t o  show s y s t e m a t i c  upward 
c u r v a t u r e  when c o i i p r e d  \,>i tti t h e i r  1 i n e a r  f i t s .  T h i s  p r o b a b l y  i n d i c a t e s  
t r a n s i t i o n s  i n  one o r  more o f  the  minor  components o f  t h e  sha les  masked by 
t h e  monotonic cor1pressior?s of  the  remainder o f  the  components. 
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I I  HYBRID COMPUTER FLON MODEL DEVELOPMENT 

I n  con junc t i on  w i t h  the exp los i ve  s t i m u l a t i o n - j e t  p e n e t r a t i o n  program 
f o r  Eastern gas shales, we a r e  develop ing a gas f l o w  modeling c a p a b i l i t y  
i n  which the  geometry, pe rmeab i l i t y  and p o r o s i t y  a re  func t i ons  o n l y  of  
space, no t  time, d u r i n g  the  f l o w  process. Because the p a r t i c u l a r  geo- 
phys ica l  d e s c r i p t i o n  o f  the  shale may n o t  be known, d e s c r i p t i o n  may be 
g iven i n  terms of  p r o b a b i l i t y  d i s t r i b u t i o n s  f o r  f r a c t u r e  d e n s i t y  and 
width,  permeab i l i t y ,  po ros i t y ,  th ickness,  etc.  I n  t h i s  case i t  would 
be advantageous t o  so lve  an ensemble of f low problems, de termin ing  the  
expected va lue  and d i s t r i b u t i o n  o f  gas flow. The LASL h y b r i d  computer 
f a c i l i t y  i s  i d e a l l y  s u i t e d  f o r  s o l v i n g  l a r g e  numbers o f  gas d i f f u s i o n  
problems i n  a non-homogeneous, non - i so t rop i c  medium i n  two dimensional 
Cartesian o r  c y l i n d r i c a l  geometry. 
c a p a b i l i t y  o f  s o l v i n g  these problems i s  an immediate o b j e c t i v e  o f  t he  
program. 

Demonstration o f  the  h y b r i d  computer's 

I n  orde r  t o  e s t a b l i s h  the c a p a b i l i t y  o f  s imu la t i ng  gas f l o w  i n  
Devonian shale, tools a r e  being acqui red and developed on bo th  the  C D C  
7600 d i g i t a l  computer and on the h y b r i d  computer. To p rov ide  cross 
checks and t o  p rov ide  i n t e r i m  s imu la t i on  c a p a b i l i t y  w h i l e  the  h y b r i d  
computer model i s  being developed, SIMPAC, a general  nurpose d i f f u s i o n  
code, was obta ined from the  Morgantown Energy Researc.1 Center. Only 
the  p o r t i o n s  o f  S IMPAC needed f o r  compressible gas d i f f u s i o n  a r e  c u r r e n t -  
l y  being used. S I M P A C  was mod i f ied  t o  a l l o w  t w o  dimensional  c y l i n d r i c a l  
geometries as w e l l  as th ree  dimensional Car tes ian  geometr ies t o  be de- 
f ined.  

The d i f f u s i o n  o f  gas i n  a permeable medium i s  g iven  by t h e  r e l a t i o n  

k 
where P i s  t he  pressure; z ,  the  gas C o m p r e s s i b i l i t y  f a c t o r ;  $, po ros i t y ;  - lJ' 
the p e r m e a b i l i t y - v i s c o s i t y  r a t i o ;  and t, time. A h y b r i d  computer program t o  
so lve t h i s  equat ion i n  one dimension has been completed and a two dimen- 
s iona l  program i s  c u r r e n t l y  being implemented. The one dimensional model 
conta ins most o f  the features t h a t  t he  two dimensional  model w i l l  con ta in  
and has guided the  implementation o f  t h e  l a t t e r .  The cont inuous t ime 
d i s c r e t e  space CTDS method i s  used. The r e s e r v o i r  i s  p a r t i t i o n e d  i n t o  
d i s c r e t e  volumes o r  nodes. The o r i g i n a l  p a r t i a l  d i f f e r e n t i a l  equat ion 
has been reduced t o  a se t  o f  o r d i n a r y  d i f f e r e n t i a l  equat ions whose i n i t i a l  
cond i t i ons  a r e  known. I n  the  one dimensional  demonstrat ion model t he  
c o m p r e s s i b i l i t y  f a c t o r  z i s  assumed t o  be u n i t y .  The equat ion  for the  
i t h  node i s  
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where 

1 

i +1 

1 - Bi - 2 9   AX^ 

F i g u r e  8 i l l u s t r a t e s  a s i m p l i f i e d  analog computer c i r c u i t  t o  represent  

The pressure  and f l o w  h i s t o r y  o f  a p o r t i o n  o f  t h e  
Eq.(14). 
t i m e  share t h e  hardware. 
r e s e r v o i r  i s  determined f o r  the  t i m e  p e r i o d  o f  i n t e r e s t .  The boundary 
pressures a r e  recorded and a r e  a p p l i e d  as boundary c o n d i t i o n s  through 
t i m e  when an a d j a c e n t  p o r t i o n  o f  t h e  r e s e r v o i r  i s  l a t e r  s imu la ted  w i t h  t h e  
same hardware b u t  w i t h  t h e  a p p r o p r i a t e  t r a n s m i s s i b i l i t i e s  f o r  t h e  new 
p o r t i o n .  F i g u r e  9 descr ibes  a s l a b  r e s e r v o i r  used t o  check t h e  model, i t s  
accuracy, s e n s i t i v i t y ,  and convergence c h a r a c t e r i s t i c s .  S i x  p ressure  nodes 
were implemented on t h e  analog computer and represented  e i t h e r  r e s e r v o i r  
nodes 1 t o  6 o r  7 t o  12. 
boundary p r e s s u r e  Po = 3.4 atm was used on t h e  l e f t  s i d e  and t h e  f i c t i t i o u s  
pressure  P7 f r o m  t h e  p r e v i o u s  i t e r a t i o n  was used on  t h e  r i g h t  s ide.  
t h e  r i g h t  p a r t  was s imulated,  t h e  f i c t i t i o u s  p r e s s u r e  P 6  f rom t h e  prev ious  
i t e r a t i o n  was used on t h e  l e f t  s i d e  and z e r o  f l o w  o r  pressure  g r a d i e n t  was 
t h e  r e a l  boundary c o n d i t i o n  on t h e  r i g h t  s ide.  T a b l e  I I  shows t h e  pressures 
P6 and P7 f o r  t h e  15 i t e r a t i o n s  r e q u i r e d  f o r  convergence a t  a t i m e  o f  100 
days (100 msec computer t ime) .  For t h e  i n i t i a l  i t e r a t i o n ,  a l l  pressures 
were assumed equal  t o  34 atm th rough t ime. F r o m  t h i s  i t  i s  f e l t  t h a t  15 
i t e r a t i o n s  w i l l  a l s o  be r e q u i r e d  f o r  t h e  t w o  d imensional  model. F i g u r e  10 
shows a d i g i t a l  computer s o l u t i o n  o f  p ressures  P i  and P6  w i t h  h y b r i d  com- 
p u t e r  r e s u l t s  i n  c i r c u l e s .  To check t h e  s e n s i t i v i t y  o f  t h e  r e c o r d i n g  and 
p layback of t h e  boundary c o n d i t i o n s ,  i t  was determined t h a t  an 0.3% f u l l  
s c a l e  e r r o r  i n  t h e  analog t o  d i g i t a l  c o n v e r t e r  z e r o  adjustment  r e s u l t e d  
i n  a 2.8% e r r o r  i n  P 6  a t  t h e  end o f  100 days. Thus c a r e f u l  c a l i b r a t i o n  
o r  compensation o f  t h e  analog d i g i t a l  c o n v e r t e r  i s  necessary f o r  t h e  two 
dimensional  problem. Using t h e  one d imensional  r e s u l t s ,  t h e  two diinen- 
s i o n a l  s o l u t i o n  t i m e  i s  es t imated  a t  16 seconds p e r  problem. 

To make e f f e c t i v e  use o f  t h e  h y b r i d  computer i t  i s  necessary t o  

When t h e  l e f t  p a r t  was be ing  computed, t h e  r e a l  

When 

The t w o  d imensional  model r e q u i r e s  f o u r  analog computer c o n s o ~ e s ,  tb2o 

E l e c t r o n i c  Associates, lnc.  680 's  and two 7800's. A 1 5  by 12 a r r a y  of  
p ressure  nodes w i l l  be so lved by s h a r i n g  a 5 by 4 a r r a y  t h r e e  t imes i n  
each dimension. Two o f  t h e  f o u r  consoles have a l r e a d y  been w i r e d  and t h e  
d i g i t . a l  computer code t o  s t o r e  and p l a y  back boundary pressures,  change 
t r a n s m i s s i b i l i t i e s ,  and opera te  t h e  analog consoles has been w r i t t e n .  
Hardware m o d i f i c a t i o n s  t o  our  equipment have been completed which make 16 
d i g i t a l  t o  ana log  m u l t i p l i e r s  a v a i l a b l e  (87 needed). 
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I l l  PULSED LASER-INDUCED PYROLYSIS FOR THE CHARACTERIZATION 
OF DEVOIJIAN SHALES 

The development of t h e  Devonian shales as an expanding resource  fo r  
n a t u r a l  gas and p e t r o l e u m - s u b s t i t u t e s  r e q u i r e s  a g r e a t l y  inc reased under- 
s tand ing  o f  t h i s  g e o l o g i c a l  reg ion .  Consequently a major  component o f  ERDA'S 
Eastern Gas Shales P r o j e c t  i s  to  c h a r a c t e r i z e  t h e  sha le  resource. The l a s e r -  
induced p y r o l y s i s  a c t i v i t y  a t  Los Alamos S c i e n t i f i c  Labora.tory i s  one p a r t  
of t h a t  a c t i v i t y .  

L i m i t e d  i n o r g a n i c  geochemical in fo rmat ion  has been p u b l i s h e d  concern ing  
c e r t a i n  reg ions  i n  t h e  Devonian shales,  p a r t i c u l a r i l y  t h e  Chattanooga Shales 
( 3 ) ;  l e s s  i s  known about  t h e  o r g a n i c  m a t e r i a l  i n c o r p o r a t e d  i n  these forma- 
t i o n s .  A l though t h e  t h r u s t  behind t h e  c u r r e n t  a c t i v i t y  i s  t o  maximize gas 
produc t ion ,  as v a r i o u s  o t h e r  p rocess ing  o p t i o n s  a r e  cons idered t h e  knowledge 
of p a r t i c u l a r  o r g a n i c  parameters w i l l  be needed. T o t a l  o r g a n i c  carbon, t h e  
carbon/hydrogen r a t i o ,  t h e  n a t u r e  o f  t h e  carbonaceous m a t r i x  ( t e r r e s t r i a l -  
mar ine o r i g i n ) ,  t h e  o i l  y i e l d  upon r e t o r t i n g  a r e  t h e  most s i g n i f i c a n t .  The 
LASL program seeks t o  deve lop  new methods t o  r a p i d l y  de termine t h i s  neces- 
sary  data. 

The o r g a n i c  geochemist ry  o f  these shales suggest t h a t  p r o g e n i t o r s  were 
e s s e n t i a l  t e r r e s t r i a l  and t h a t  t h e  b a s i c  o r g a n i c  m a t e r i a l  resembles c o a l  
of  a low rank. Moreover, i t  has been concluded t h a t  methane, p o s s i b l y  t h e  
product  f rom degradat ion  o f  c e l l u l o s e - t y p e  m a t e r i a l s ,  i s  d i s s o l v e d  i n  t h i s  
c o a l y  f r a c t i o n  (4 ) .  One can expect,  however, wide v a r i a t i o n s  i n  t h e  t o t a l  
o r g a n i c  conten t  as w e l l  as o r g a n i c  type. Host l i k e l y ,  t h e  s e l e c t i o n  o f  a 
p a r t i c u l a r  p rocess ing  o p t i o n  w i l l  be i n f l u e n c e d  by t h e  t y p e s  o f  o r g a n i c  
compounds present  i n  a c a n d i d a t e  hor izon.  

Laser induced p y r o l y s i s  i s  a convenient  method fo r  t h e  r a p i d  and 
p r e c i s e  c h a r a c t e r i z a t i o n  o f  n a t u r a l l y  o c c u r r i n g  carbonaceous m a t e r i a l s .  
Work on Green R i v e r  o i l  sha les  ( 5 , 6 )  and var iocis c o a l s  (7 )  has shown t h e  
genera l  a p p l i c a b i l i t y  o f  t h i s  approach. The e;,pit?rinent i s  shown schematic-  
a l l y  i n  F i g u r e  11 .  The s h a l e  sample, e i t h e r  tsken f rom a c o r e  s e c t i o n  o r  
d r i l l i n g  ch ips ,  i s  p laced i n  t h e  sampl ing cha i'r. T y p i c a l l y ,  a n a l y s i s  i s  
done on smal l  seqments l e s s  than 1 ern' i n  v ~ ~ l c - ; ;  o n l y  a smal l  f r a c t i o n  o f  
t h i s ,  approx imate ly  5 mg, i s  consumed d g r i n g  t i l e  a n a l y s i s .  The pulsed 
l a s e r  energ 5-10 j o u l e s  of 1.06 l i c , h t  $..itL- a p u l s e  w i d t h  of approx- 
i m a t e l y  10' seconds, i s  depos i ted  i n t o  a s r d l l  volume segment. Upon t h e  
t e r m i n a t i o n  o f  t h e  pulse,  a s e r i e s  o f  p : - c ) d i ~ ~ t b  a r e  swept f rom t h e  sampl ing 
chamber i n t o  ins t ruments  f o r  a n a l y s i s .  

1, 

Two types o f  p r o d u c t  r e s u l t  (8) .  One, a s e r i e s  o f  l o w  m o l e c u l a r  
weight  gases, i s  d e r i v e d  f r o m  t h e  thermal quenching o f  t h e  laser - induced 
plasma (9). 
l a r  fraqments, quenches r a p i d l y  a f t e r  t h e  pulse,  r a p i d l y  enough t o  " f reeze" 
o u t  a mo lecu la r  d i s t r i b u t i o n  t h a t  e x i s t e d  i n  k i n e t i c  e q u i l i b r i u m  a t  t h e  
e l e v a t e d  temperature.  Consequently, one can use t h e  compos i t ion  o f  these 
low molecu la r  we igh t  gases t o  l e a r n  about t h e  a tomic  compos i t ion  of t h e  
shale. For  instance, t h e  r a t i o  o f  C2H2/C2H4 has been shown t o  be a 
convenient measure o f  t h e  C / H  r a t i o  o f  t h e  sample. The second t y p e  of 
product  c o n s i s t s  o f  l a r g e r  mo lecu la r  w i g h t  f ragments and v o l a t i l e  

The plasma, a h i q h  temperature ensemble o f  a tomic  and molecu- 
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molecu la r  spec ies  t h a t  r e s u l t  f r o m  t h e  combined a c o u s t i c a l  and thermal 
shock wave t h a t  t r a v e l s  th rough t h e  sample d u r i n g  t h e  p y r o l y s i s  event.  
These products ,  l i k e  t h e  c r a c k i n g  p a t t e r n s  found i n  mass spect rometry ,  
a r e  c h a r a c t e r i s t i c  s e c t i o n s  r e s u l t i n g  from thermal f r a g m e n t a t i o n  o f  un ique 
molecu la r  types  (10). 

Several  d i s t i n c t  types  o f  a n a l y s i s  w i l l  be e x p l o r e d  w i t h  t h i s  method: 

1. Gas Y i e l d  The i n i t i a l  t h r u s t  behind t h e  EGSP i s  t o  i n v e n t o r y  t h e  
resource fo r  gas, i.e., t o  de termine t h e  r e c o v e r a b l e  gas y i e l d s .  Theory 
suggests t h a t  laser - induced p y r o l y s i s  y i e l d s  w i l l  produce e s s e n t i a l l y  no 
methane f rom t h e  t h e r m a l l y  quenched plasma. 
from thermal shock ing o f  a un ique volume element and w i l l  represent  t h e  
methane t h a t  i s  r e l e a s e d  d u r i n g  t h e  p h y s i c a l  a l t e r a t i o n  o f  t h e  sample. 

Rather  p r o d u c t  methane r e s u l t s  

2. T o t a l  Organic  Carbon The amount o f  a c e t y l e n e  produced has been 
shown t o  be a i n d i c a t o r  o f  t h e  t o t a l  o r g a n i c  carbon i n  Western o i l  shales. 
One would expect  t h a t  t h i s  measurement would be e q u a l l y  v a l i d  i n  these 
cand ida te  m a t e r i a l s .  

3.  C/H R a t i o  The a tomic  c a r b o d h y d r o g e n  r a t i o  i s  a p a r t i c u l a r i l y  
i n f o r m a t i v e  measure o f  t h e  t y p e  o f  o r g a n i c  carbon and t h e  p o s s i b l e  process 
op t ions .  T h i s  measurement w i l l  a l s o  be made on a v a r i e t y  o f  d i f f e r e n t  
s h a l e  types. 

Laser p y r o l y s i s  i s  a u n i q u e l y  d i f f e r e n t  approach fo r  o r g a n i c  geo- 
chemical measurements. I t o f f e r s ,  due t o  t h e  n a t u r e  o f  t h e  p y r o l y s i s  
event  necessary, a degree o f  r e p r o d u c i b i l i t y .  I t  a l s o  i s  a r a p i d  t e c h n i -  
que, one t h a t  can be done i n  o n l y  a few minutes,  e s p e c i a l l y  i f  t h e  a n a l y s i s  
o f  t h e  low molecu la r  we igh t  gases emanating from t h e  plasma a r e  o f  p r i m a r y  
i n t e r e s t .  Lasers can a l s o  be focused t o  i n t e r a c t  w i t h  s p e c i f i c  volume 
segments so t h a t  un ique geometr ic  r e g i o n s  i n  a sample can be analyzed. 
T h i s  p e r m i t s  ana lyses  across  g e o l o g i c a l  f e a t u r e s ,  such as bedding p lanes 
and even, perhaps, i n  a down-hole mode. 

The program w i l l  i n i t i a l l y  c o n c e n t r a t e  on t h e  development o f  s tandard 
techniques for  t h e  r a p i d  d e t e r m i n a t i o n  o f  gas and o i l  y i e l d s .  These e x p e r i -  
ments w i l l  u t i l i z e  c o r e  s e c t i o n s  i n  l a b o r a t o r y  c o n d i t i o n s  and f i e l d  measure- 
ments on d r i l l i n g  chips.  C o r r e l a t i o n s  between l a s e r  p y r o l y s i s  r e s u l t s  and 
s tandard F i s c h e r  assays, l i k e  those t h a t  have been p r e v i o u s l y  done on 
western o i l  sha les  w i l l  be determined. F o l l o w i n g  these p r e l i m i n a r y  i n v e s t i -  
ga t ions ,  l a b o r a t o r y  and f i e l d  measurements w i l l  be completed t o  a d d i t i o n a l l y  
c h a r a c t e r i z e  t h e  types and q u a n t i t i e s  o f  o r g a n i c  c o n s t i t u e n t s  i n  these 
sha le  samples. 
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F I  GURES 

F ig .  1 .  A f r o n t  v iew o f  a t a r g e t  p l a t e  (a) and a c r o s s - s e c t i o n a l  v iew o f  
an impact exper iment (b). The view, (a ) ,  shows t h e  arrangement 
o f  the  s h a l e  samples i n  t h e  t a r g e t  p l a t e ,  machined from A l .  S ix  
samples, D, o f  d i f f e r e n t  d e n s i t i e s  and o r i e n t a t i o n s  a r e  mounted 
i n  t h e  t a r g e t  p l a t e ,  B .  Each sample i s  backed w i t h  l o w  d e n s i t y  
(0.015 Mg/m3) p l a s t i c  foam, H ,  to f a c i l i t a t e  mount ing the  spe- 
c imens'  impact sur faces f l u s h  w i t h  t h e  t a r g e t  p l a t e ' s  sur face.  
The specimens a r e  h e l d  i n  t h e  p l a t e  w i t h  a t h i n  l a y e r  o f  epoxy. 
S h o r t i n g  p i n s ,  C, o f  v a r i o u s  l e n g t h s  a r e  used to determine t h e  
v e l o c i t y  of t h e  impact p l a t e ,  G.  The f r o n t  s u r f a c e  o f  the  impact 
p l a t e  i s  covered w i t h  a 0.01 mm t h i c k  A1 f o i l  s h o r t e d  to  t h e  
p r o j e c t i l e ,  E .  A p u l s e  i s  generated on a r e p e t a t i v e  time-marked 
o s c i l l o s c o p e  sweep as each charged p i n  i s  shor ted .  The muzzle 
o f  t h e  3 m long, h i g h  pressure  gas gun used to  d r i v e  t h e  p r o j e c -  
t i l e  i s  l a b e l e d  A, t h e  t a r g e t  p l a t e  mount ing screws a r e  l a b e l e d  
I ,  and t h e  unsupported area beh ind  t h e  impact p l a t e  i s  l a b e l e d  F. 

F ig .  2.  Response of gas s h a l e  (p  = 2.72 Mg/m3, 0 = 0" ,  CL = 5.01 Km/s) 
t o  h i g h  s t r e s s  p l a n a r  shock l o a d i n g  and un load ing .  

F i g .  3. Response of gas s h a l e  (p  = 2.73 Mg/m3, 0 = go", CL = 3.79 Km/s) 
to  h i g h  s t r e s s  p l a n a r  shock l o a d i n g  and un load ing .  

Hugoniot  of gas s h a l e  (p = 2.40 t\g/m3, 0 = 0", CL = 4.74 h / s )  
t o  80 GPa. 

F ig .  4. 

F i g .  5. Hugoniot  o f  gas s h a l e  (p = 2.41 Hg/m3, 8 = go", CL = 3. 35 Km/s) 
t o  80 GPa. 

F ig .  6. Hugoniot  o f  gas sha le  ( p  = 2 . 7 0  I.:g/m3, 0 = 0", C L  = 5.12 h / s )  
t o  95 GPa. 

F ig .  7. Hugoniot  o f  gas sha le  (p = 2 . 6 5  tlg/m3, 8 go", CL = 3.63 b / S )  

t o  95 GPa. 

F i g .  8. S i m p l i f i e d  analog computer c i r c u i t  f o r  Eq. (14 ) .  

F ig .  9. Schematic drawing of orie-eii,.;.nsional r e s e r v o i r  model w i t h  parame- 
t e r s  used i n  the  c a l c u l a t i o n .  

F i g .  10. D i g i t a l  and analog computer r e s u l t s  o f  model i n  F i g .  9 for  
pressures  P and P6. 

enc losed i n  a 6 mm I D  q u a r t z  tube. 

1 

F i g .  1 1 .  Schematic o f  Laser- Induced P y r o l y s i s  I n s t r u m e n t a t i o n .  Sample i s  
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TABLE I .  

ELASTIC MODULI OF EASTERN GAS SHALE 

Dens i t v  (Ms/m3) 2.40 2.55 2.70 

54 62 71 

26 33 41 

1 1  14 I8 

20 2 3  26 

13 16 19 

1 7  1 7  16 

I 6  17  18 

2.60 2.61 2.61 

TABLE I I .  

FICTITIOUS BOUNDARY PRESSURES P6 AND P 7  

ITERATION 
NO. 

0 

I 

2 

3 

4 

6 

8 

10 

13 

I 5  

16 

DURING CONVERGENCE (100 DAYS) 

P (atm) 
p6 ( a m )  7 

34.00 

31.20 

28.61 

26 .27  

24.18 

20.90 

18.82 

17.69 

17.05 

16.90 

16.90 

5 0  mm - 

34.00 

3 1 . 1 8  

28.61 

26.31 

24.31 

21 .27  

19.47 

18.52 

16.01 

17.93 

17.91 
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DEFINITION OF FLUID-FILLED FRACTURES IN BASEMENT ROCKS* 

J. Alb r igh t ,  L. Aamodt, and R. Potter 
Univers i ty  o f  Cal i f o r n i a  

Los A1 arms Sci e n t i  f i c Laboratory 
Group 6-3, MS 981 

Los Alamos, N.M. 87545 

ABSTFWCT 

The Los Alamos S c i e n t i f i c  Laboratory Hot Dry Rock Project ,  under ERDA 
sponsorship, has studied the at tenuat ion o f  acoustic detonator s ignals 
t ravers ing pressurized w a t e r - f i l  l e d  hydraul ic  and natura l  f ractures.  
cont rast  t o  those propagated through unpressurized fractures,  s ignals are 
attenuated i n  high-frequency components (1 -5 kHz) throughout the e n t i r e  coda , 
s i g n i f i c a n t  sca t te r i ng  i s  observed, and d i r e c t  ray paths are changed. 
d r i l l i n g  o f  an exploratory wel l  i n t o  the rock volume under i nves t i ga t i on  
confirmed the presence o f  f ractures possessing high f l u i d  conduct iv i ty .  
Confirmation was on the basis o f  increased f low and temperature anomalies 
encountered i n  the exploratory w e l l ,  and on pressure changes i n  a nearby 
pressurized monitoring we1 1. 

I n  

The 

I NTRODUCT I ON 

The Los Alamos S c i e n t i f i c  Laboratory, under ERDA sponsorship, i s  i n -  
vest igat ing concepts1j2 f o r  ex t rac t i ng  thermal energy from hot  dry  rock a t  a 
demonstration s i t e  i n  Northern New Mexico. A man-made geothermal rese rvo i r  
was produced by d r i l l i n g  a we l l  i n t o  hot, r e l a t i v e l y  impermeable basement 
rocks and making high conductance hydraul ic  f ractures.  These f ractures were 
subsequently intercepted by a second d i r e c t i o n a l l y  d r i l l e d  wel l .  
t ract !  on was i n i t i a l  1 y accompl i shed by water i n j e c t e d  i n t o  the reservoi  r 
through one wel l  and returned through the other. By l a t e  1977 the i n s t a l l a -  
t i o n  o f  surface plumbing w i l l  enable the completion o f  a closed-loop c i r c u l a -  
t i o n  system by which pressurized ho t  water from the production wel l  w i l l  be 
cooled using a heat exchanger and rec i r cu la ted  through the reservo i r .  A 
3 t o  5 M W ( t )  heat ex t rac t i on  experiment w i l l  then commence t o  assess the 
long-term behavior o f  the reservo i r .  

The development o f  the demonstration s i t e  i s  best  described w i t h  r e f -  
erence t o  Figures 1 and 2, which show wellbore geometries i n  the rese rvo i r  
between the depths 7800 and 9200 ft.2 
Granite Test No. 2 (GT-2) penetrated basement a t  2490 ft and was d r i l l e d  t! 
a completion a t  a depth o f  9619 ft i n  rocks having a temperature of 197°C. 
I n  1975 a second wel l ,  Energy Ext ract ion No. 1 (EE-l),  was d r i l l e d  for  the 
expressed purpose of i n te rsec t i ng  a hydraul ic f rac tu re  which had been made 
a t  the bottom of GT-2. 

Heat ex- 

I n  1974 an exploratory wel l  designated 

Due t o  then inaccurate and imprecise wellbore 

* 
Prepared f o r  ERDA under Contract No. W-7405-ENG-36. 
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surveys and t o  erroneous acoustic data,  EE-1 was dr i l led  to  a completion 
dep th  of 10,050 f t  having never penetrated the probable locations a t  which 
flow between wells through the hydraulic fracture could be direct ly  estab- 
lished. Instead, only a high-impedance connection between wells was ob- 
served, unacceptably h i g h  fo r  e f f i c i en t  heat extraction.4 

Even though the wells approached as close as 30 f t  t o  each other, subse- 
quent e f fo r t s  t o  establish a d i rec t  connection between wells through addi- 
tional hydraulic fracturing, and 'by chemical attack proved unsuccessful. I t  
was soon recognized tha t  the inabi l i ty  to  improve the system arose from 
geometric constraints imposed by the re la t ive  positions of the two wells. 
In anticipation of sidetracking one we1 1 t o  optimize geometric relationships 
between wells, programs were in i t ia ted  t o  develop requis i te  survey methods 
for  precise directional d r i l l i n g  and t o  define the location and physical 
dimensions of the fractured rock. 
program focused on methods based on induced e lec t r ica l  potential ,  induced 
seismici tyY5 and acoustic attenuation measurements. T h i s  a r t i c l e  reviews 
only the acoustic measurements; work on each area continues today. 

Early results from these e f fo r t s  provided suf f ic ien t  information so tha t  
i n  May and June of 1977 GT-2 was sidetracked into the GT-2A and GT-2B t r a -  
jector ies  and intercepted hydraul i c  fractures communicating direct ly  w i t h  
EE-1. Those intercepted dur ing  the d r i l l i ng  of GT-2B were more conductive 
and form the present connection existing between wells. 

The former was accomplished. The  l a t t e r  

SHOT LINES AND DOWNHOLE INSTRUMENTATION 

The projected source and receiver positions occupied d u r i n g  the succession 
of acoustic attenuation measurements is shown i n  Figure 1 .  Horizontal d i s -  
tances represent a four-fold expansion of the depth scale sothat angular 
relationships i n  projection are distorted.  
measurements were made are  shown. 
horizontal. 
from the source would contain a s ignif icant  shear wave component. 

lithology; the lower two, granodioritic rocks. 
pressional wave veloci t ies  by single-well and between-well acoustic surveys 
g ive  a uniform velocity of 19.2 k 0.4 ft/msec fo r  both l i thologic  units. 
W i t h i n  the preciston of these surveys neither velocity anisotrophy within a 
u n i t  nor velocity differences between units appears t o  ex is t .  

The acoustic signals fo r  the attenuation studies were generated by 
detonations. The signals were detected u s i n g  a downhole t r iax ia l  geophone 
system developed by Los Alamos Sc ien t i f ic  Laboratory. Four Mark Products 
high-temperature geophones arranged i n  se r ies  comprise an axial s e t .  Signal  
output from each set was amplffied by a battery-operated different ia l  ampli- 
f i e r  potted i n  a sl'licone rubber epoxy and contained w i t h i n  an ice-f i l led 
dewar. The geophones bat ter ies  and amp1 i f i e r s  operate a t  1 -atm pressure 
with a steel  houstng. Conttnuous operation a t  200OC i s  possible fo r  periods 
u p  t o  twelve hours. 

motor-driven arm, The arm i s  driven against borehole walls w i t h  a total  
force of 200 l b .  
diameter o f  6 i n . ,  and weighs 120 l b .  

The four shot lines along which 
These are  actually inclined a t  45 deg to  the 

Previous experience had shown tha t  a t  this inclination, signals 

The upper two shot l ines  traverse rock dominantly grani t ic  gneiss i n  
Redundant measures of com- 

Coupling o f  the geophone package is  accomplished through a small d.c. 

The en t i r e  package i s  12 f t  i n  length, has a maximum 
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The signal source consisted of a string of three high-temperature 
detonators potted i n  s i l icone rubber epoxy and housed w i t h i n  a dumbbell- 
shaped tool.  The  ends of the tool served both t o  centralize the detonators 
i n  the wellbore and to  par t ia l ly  def lect  acoustic energy out of the wellbore. 
A single vertical  geophone placed i n  the tool above the detonations enabled 
precise f i r i ng  time to be established. 
i n  frequency components up t o  5 kHz, and therefore were particularly useful. 

The detonators' signals were rich 

MEASUREMENT PROCEDURE 

The result of the acoustic attenuation study is  better understood if  
the nature of the measurements i s  c lear .  The  procedure followed on four 
successive days was: 

1 .  

2. 

W i t h  the GT-Z/EE-l system a t  hydrostatic pressure (unpressurized) , 
the t r i ax ia l  geophone system was locked i n  position i n  GT-2. 
The  detonator package was positioned i n  E E - 1 ;  three detonators 
were f i red  i n  succession a t  an interval of approximately ten 
minutes . 
The detonator package was reloaded and returned to  the former 
position. 
EE-1 was pressurized t o  1550 psi , 200 psi i n  excess of the pressure 
a t  which fractures i n  the EE-l/GT-2 system are known t o  be held 
open and extended. 
Three detonators were then f i red,  completing the measurements a1 ong 
a specif ic  shot line. 

3. 

4. 

5. 

A to ta l  of six signals traversed a particular shot l ine ;  three propagated 
through an unpressurized system; three through a pressurized system. Of the 
24 planned detonator firings, 23 were f i red  successfully. The stat ion depth 
and coup1 i n g  of the geophone package remained unchanged for  a l l  measurements 
along a particular shot l ine.  As evidenced by analysis of signals traversing 
the 7923-ft shot l ine  discussed below, pressurization of the EE-1 wellbore 
d i d  not change the character is t ics  of the source appreciably. Along t h a t  
shot 1 ine no ef fec ts  a t t r ibutable  to  pressurized fractures were observed. 

RESULTS 

The interpretation of data obtained from the upper two shot l ines  and 
that  from the lower two are  similar.  The following analysis re la tes  t o  a 
shot l ine  from each pair--the l ines  in i t i a t ed  by the detonator positions of 
7923 and 8675 f t ,  respectively. Figures 3a and 3b give representative ex- 
amples of the signals which traversed the EE-l/GT-2 fracture system d u r i n g  
times a t  w h i c h  i t  was a t  hydrostatic and elevated pressures. 

osci l la t ions caused by water flowing past  the geophone package d u r i n g  system 
pressurization. Compressional and shear wave arrival s are  c lear  on most 
records. 
GT-Z/EE-l f racture  system signif icant ly  modified signal waveforms. Wave- 
forms appear t o  be changed in the time interval between compressional and 
shear a r r iva ls ,  as well as i n  the remaining portion of the coda. The arrival 

The low-frequency signal seen on the vertical  records arose from 

Records from the 8675-ft l i ne  show t h a t  pressurization of the 



of the shear wave appears t o  be delayed or  the sense of the consequent f i rs t  
motion reversed. The variation i n  waveform of signals from the 7900-ft l ine  
is small i n  comparison. 
buted to  non-reproducible character is t ics  of the detonator source pulse , and 
may be used as a measure of i t .  

The sum of the signal power measured by each t r iax ia l  component and 
averaged for  200-psec intervals  fo r  a l l  signals i s  given i n  Figures 4 and 5. 
The arr ival  of compressional waves and shear waves is  c lear ly  evident. A 
t h i r d  srr ival  occurs a t  12 msec i n  records from the 8675-ft line. After the 
second or t h i r d  arr ival  signal power decays experimentally i n  each case ex- 
cept t h a t  fo r  signals traversing the pressurized system along the 8675-ft 
l ine.  
the coda. In the pressurized system scattering structures have been pro- 
duced which were not present i n  the hydrostatic system. 

from each shot l ine  i s  shown i n  Figures 6 and 7. 'Maxima i n  the power spectrum 
occur a t  frequencies near 600 and 2800 Hz, respectively. 
the pressurized system along the 8675-ft l ine  show an attenuation of frequency 
components above 1000 Hz. 
attenuating structures were created along this shot line which have a width 
or character is t ic  spacing as small as 7 f t .  

the d i rec t  signals. 
signals traversing the pressurized system along the 8900-ft l ine  deviated 
from those of the hydrostatic system by 3.6k1.4 deg. Refraction of the 
d i rec t  signal apparently arose from oblique incidence and passage of the 
signal through a bound volume i n  which propagation velocit ies were changed 
by system pressurization. 
signals from other shot l ines  because lower signal-to-noise ra t ios  prohibited 
measurements of acceptable precision. 

The difference between records can be largely a t t r i -  

These signals show no appreciable decay d u r i n g  the f i r s t  25 msec of 

The power spectra of a l l  signals recorded on the vertical  geophone s e t  

Signals traversing 

The loss of the 2800-Hz component implies tha t  

Pressurization of the system also changed the travel path, o r  refracted, 
Hodograms of the compressional wave arrival show tha t  

Comparable determinations could not be made us ing  

GT-2 SIDETRACKING 

The foregoing analysis appeared to  indicate tha t  a structure of charac- 
t e r i s t i c  spacing or w i d t h  as small as 7 f t ,  which refracted and scattered 
acoustic waves, was present i n  the EE-l/GT-2 system. 
ture was intercepted by signals traversing only the lower two shot l ines .  
This structure was inferred,  and l a t e r  confirmed by sidetracking GT-2, t o  be 
comprised of fractures induced by reservoir pressurization. In addition, 
prior t o  sidetracking the following was known about the reservoir: Seismicity 
of the N-NW s t r i k i n g  fractures could be induced by p r e s s u r i z a t i ~ n . ~  EE-1 was 
i n  d i rec t  communication (through IZ, Figure 1 )  w i t h  low flow impedance, large 
surface area fractures.  

shown i n  Figures 1 and 2.  The planned GT-2A trajectory was to  in te rsec t ,  a t  
maximum vertical  separation from the EE-1  injection zones, the inferred N-NW 
fracture system. 
carefully monitored. 
pressure drop was observed i n  EE-1 along w i t h  flow from GT-2A. 
shows a temperature log taken a f t e r  termination of d r i l l i n g  i n  GT-2A. 
fracture producfng water a t  8600 ft  is clear ly  seen as a re  deeper fractures 
producing additional water. 

Furthermore, the struc- 

I n  May and June of 1977, GT-2 was sidetracked sequentially i n t o  the paths 

Dri 11 i ng proceeded w i t h  the EE-1 we1 1 head pressurized and 
GT-EA intercepted a fracture a t  8600 f t - -a  result ing 

The 
Figure 8 
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The existence of water-bearing fractures was confirmed by the redr i l l ing  
of GT-2A. However, the impedance-to-flow between GT-2A and EE-1 through the 
fracture was too large for  e f f i c i en t  heat extraction. Further d r i l l i n g  was 
necessary. GT-2B was dr i l led  t o  intercept the fracture  system closer t o  the 
EE-1 injection zones. Low-impedance fractures were intercepted a t  8755 and 
8860 f t ,  respectively. 
ar ises  from the upper fracture.  

Figure 8 shows t h a t  most of the flow between wells 

CONCLUSION 

The presence of water-bearing fractures created i n  the reservoir was 
inferred on the basis of the scat ter ing,  attenuation, and refraction of 
acoustic signals intercepting the structures under pressurized conditions. 
The observations dur ing  the sidetracking of GT-2 into the GT-2A and GT-2B 
t ra jec tor ies  conf i rmed th i s  inference . 
the capabili ty of detecting a f racture  system between the wells now would 
appear t o  ex is t .  

Given the avai 1 abi 1 i t y  of two we1 1 s , 

REFERENCES 

1 .  

2.  

3.  

4. 

5. 

6. 

S m i t h ,  M.  C . ,  Aamodt, R .  Lee, Potter,  Robert M . ,  and Brown, Donald W . :  
"Man-Made Geothermal Reservoirs , I' Proc . Second Uni ted Nations Geothermal 
Symp., San Francisco, May 19-29, 1975. 

Blair ,  Allen G . ,  Tester, Jefferson W . ,  and Mortensen, Jeannette J .  
(eds.):  "LASL Hot Dry Rock Geothermal Project," Los Alamos Scient i f ic  
Laboratory Report, LA-6525-PRY Los Alamos, N M ,  1976. 

A l b r i g h t ,  James N .  : 
Measurement o f  Earth Temperature Gradients i n  Deep Boreholes , 'I Proc. 
Second United Nations Geothermal Symp. , San Francisco, May 19-29 , 1975. 

"A New and More Accurate Method for  the Direct 

Murphy, Hugh D . ,  Lawton, Robert G . ,  Tester, Jefferson W . ,  Potter,  Robert M . ,  
Brown, Donald W . ,  and Aamodt, R .  Lee: 
Geothermal Reservoir Formed by Hydraulic Fracturing ,I' SOC. Petro. Engr .  J .  
(August 1977). 

"Preliminary Assessment of a 

Albright, James N. and Hanold, Robert J.: 
Fractures Made i n  Basement Rocks," ERDA Symposium on Enhanced Oil and 
Gas Recovery Proceedings , Vol . 2-Gas , Tulsa, September 9-1 0 , 1976. 

"Seismic Mapping of Hydraulic 

Dennis, Bert R . ,  Hill,  James R . ,  S t e p h a n i ,  Evon L . ,  and Todd, Billy E . :  
"Development of High Temperature Acoustic Instrumentation for  Charac- 
ter izat ion of Hydraulic Fractures i n  Dry Hot Rock," paper ISA AS1 76222 
presented a t  the 22nd Instrumentation Symposium held i n  San Diego, 
May 25-27, 1976. 

F-2/5 



7800 

I I I 

- 

I I 1 I 
0 50 100 
N W - S W  DISTANCE ( f t )  

Figure 1. - Projection of well and shot line geometries 
to the NW-SW vertical plane. 

G triaxial geophone station 

D detonator firing position 

PF pressurized fracture 

IZ injection zone 

- shot lines 

8000 

8200 

8400 - 
t v- Y 

8600- 
n 
n 
W 

8800 

9000 

9200 

HYDROSTATIC 

- 

- 

- 

- 

- 

- 

PRESSURIZED 

-+9 
HYDRO STATIC 

PRESSURIZED 

HYDROSTATIC 

PRESSURIZE D 

( a )  

I I 

450 400 350 
DISTANCE ( f t )  

Figure 2. - Projection to the horizontal plane of well 
geometries between 7,800 and 9,200 ft. 

VERTl CAL 

I 
'0 

Figure 3. - Signals from the shot lines originating at 8,675 ft (a) and 7,923 ft (b). 

F-216 



5.0 

4.0 

$ 
d 
4, so 

2 .o 

I .o 

I , 

~ HYDROSTATIC 

0 
0 5 10 15 20 25 

TIME (mr) 

Figure 4. - Average power vs time - each signal, all components, 
8,67 5-ft line. 

I 
J 

i H Y DR 0 STAT1 C 

1 

I I I 

HYDROSTATIC ”1 1.2 

.8 - ’ ; :  ... ,IT\ . jPRESWRIZED 
f .  : r  - 

.4 - 

.O I 

0 5 10 15 20 25 

TIME (d 

Figure 5. - Average power vs time -each signal, all components, 
7,923-ft line. 

1000 2000 3000 4000 5000 

FREQUENCY (HE) 

Figure 6. - Power spectrum of all signals recorded on the vertical geophone set, 8,675-ft line. 

F-2/7 



1 

! 

I 1 HYDROSTATIC 1 

2.0 

PRESSURIZED 

r - 
n 

' 2  1.2 2 1.2 

i 
2 

X N 
> N 

> - 
E .e f, .8 
- 

g a 
. 4  .4 

.o 
0 1000 2000 3000 4000 5000 

. _  
0 1000 2000 3000 4000 5000 

FREQUENCY (HZ) FREQUENCY ( H E )  

Figure 7. - Power spectrum for all signals recorded on the vertical geophone, 7,923-ft line. 

T E M P E R A T U R E  (F) 
300° 325O 3500 

8000 

8200 

8400 

- - - 
I 

8600 
P 

8800 

9000 

Figure 8. - Post-drilling temperature logs of GT-2A and GT-2B. 
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ABSTRACT 

This  r e p o r t  d i scusses  t h e  progress  and cu r ren t  state of t h e  Lawrence 
Livermore Laboratory r e sea rch  program on t h e  s t i m u l a t i o n  of t i g h t  gas reser- 
v o i r s .  This  is p r imar i ly  a t h e o r e t i c a l  and l abora to ry  program; however, t h e  
a p p l i c a t i o n  and i n t e r p r e t a t i o n  of geophysical  logging is an essential  p a r t  
of it. The t h e o r e t i c a l  hydrau l i c  f r a c t u r i n g  models i n  t h e i r  cu r ren t  s ta te  
of development show t h a t  as t h e  pore p re s su re  i s  increased ,  t h e  ma t r ix  stress 
around a f r a c t u r e  becomes more t e n s i l e .  Laboratory experiments,  which use 
unconfined specimens, show t h a t  both t h e  c h a r a c t e r i s t i c s  of a l a y e r  and t h e  
mechanical p r o p e r t i e s  of t h e  ad jacent  materials c o n t r o l  t h e  f r a c t u r i n g  i n  
t h e  reg ion  of t h e  l aye r .  W e  have acqui red  and i n t e r p r e t e d  some long-period 
seismic logging da ta .  The pre l iminary  a n a l y s i s  i n d i c a t e s  gas-producing 
f r a c t u r e s  i n t e r s e c t i n g  t h e  wel lbore .  Other f r a c t u r e s ,  which are e i t h e r  
ba r ren  o r  do not  i n t e r s e c t  t h e  wel lbore,  are a l s o  ind ica t ed  by t h e  da ta .  
Mechanical measurements of t h e  Devonian s h a l e  i n d i c a t e  f a i r l y  uniform 
mechanical c h a r a c t e r i s t i c s  ; however, a degree of mechanical an iso t ropy  w a s  
noted f o r  s e c t i o n s  o r i en ted  h o r i z o n t a l l y  o r  v e r t i c a l l y  wi th  r e spec t  t o  t h e  
s h a l e  s t r u c t u r e .  Reservoir  ana lyses  of t h e  Rio Blanco nuc lea r  s t imu la t ion  
experiment and t h e  nearby MHF experiment i n d i c a t e  t h a t  c h a r a c t e r i s t i c  l ens  
dimensions w e r e  40 t o  60 f t  (12 t o  18 m) v e r t i c a l l y  and 400 t o  600 f t  (120 
t o  180 m) h o r i z o n t a l l y .  

INTRODUCTION 

Although U.S. gas resources  remain l a r g e ,  t h e  proven U.S. r e se rves  have 
dec l ined  t o  230 t r i l l i o n  f t 3  (TCF). The cu r ren t  reserves /product ion  r a t i o  is  
10  t o  1. 
Devonian gas s h a l e s  con ta in  l a r g e  q u a n t i t i e s  of gas,  b u t  t h e s e  resources  have 
been d i f f i c u l t  t o  recover .  
a l r eady ,  b u t  i ndus t ry  needs more economical recovery techniques.  

It is es t imated  t h a t  t i g h t  nuc lea r  gas r e s e r v o i r s  and e a s t e r n  

Some gas has  been produced from t h e s e  r e s e r v o i r s  

Seve ra l  techniques have been used t o  s t i m u l a t e  gas production. One of 
t h e  most promising i s  massive hydrau l i c  f r a c t u r i n g  (MHF). 
hydrau l i c  f r a c t u r i n g ,  which has  been used i n  o i l  w e l l  completion and cleanup 
f o r  many yea r s ,  i n  t h a t  much l a r g e r  amounts of f l u i d  and proppant are pumped 
down t h e  w e l l  and ou t  i n t o  t h e  formation t o  create and prop f r a c t u r e s  a t  
g r e a t e r  d i s t a n c e s  from t h e  w e l l .  

MHF d i f f e r s  from 

Other techniques inc lude  high explos ive  

*This work w a s  performed under the  auspices  of t he  U.S. Energy Research and 
Development Adminis t ra t ion under con t r ac t  N o .  W-7405-Eng-48. 

F-3/1 



and nuclear explosive s t imula t ion .  They involve detonating explosives 
underground t o  f r a c t u r e  the  rock and allow production. High explosive 
s t imula t ion  has been used extensively i n  t h e  Devonian sha le s ,  and nuclear 
explosive s t imula t ion  has been t r i e d  i n  th ree  w e s t e r n  loca t ions .  

The appl ica t ion  of MHF techniques t o  t i g h t  gas formations has given 
va r i ab le  and sometimes disappointing r e s u l t s .  The b e s t  e f f o r t s  of a CER/ 
Industry/Government consortium t o  s t imu la t e  t h e  Piceance Basin near Rio 
Blanco, Colorado, have not been successfu l .  On the  o the r  hand, Amoco has 
used MHF techniques i n  t h e  Wattenburg f i e l d  near Denver with a high degree 
of success. S ign i f i can t  d i f fe rences  i n  these  r e se rvo i r s  apparently contri-  
bu te  t o  t h e  d i f fe rences  i n  t h e  success r a t i o .  

The Devonian sha le s  present s i m i l a r  problems. It is  believed t h a t  
production from these  gas sha le s  r e s u l t s  from the  connection of t he  w e l l s  t o  
t h e  ex i s t ing  f r a c t u r e  pa t te rns .  Hence, t he  problems here  include loca t ing  
the  producing zones, l oca t ing  t h e  n a t u r a l  f r a c t u r e s  near t h e  wellbore, and 
f r a c t u r i n g  from the  wellbore t o  the  e x i s t i n g  f r ac tu res .  

The Lawrence Livermore Laboratory has embarked on a research program t o  
help develop t i g h t  gas r e se rvo i r s  i n  t h e  United S ta t e s .  We are t r y i n g  t o  ob- 
t a i n  a more de t a i l ed  understanding of t he  s t imula t ion  processes,  including 
how the  formation proper t ies  i n t e r a c t  with and a f f e c t  these  processes. The 
problem is t o  determine how t o  connect t h e  maximum amount of productive 
r e se rvo i r  rock t o  t h e  wellbore through a highly permeable f r a c t u r e  system. 
There are seve ra l  questions t h a t  w e  would l i k e  t o  be ab le  t o  answer i n  
advance about Rocky Mountain areas. Can w e  i d e n t i f y  p a r t i c u l a r  s ec t ions  
where the  f r a c t u r e s  may be expected t o  be p r e f e r e n t i a l l y  confined t o  t h e  
productive sands, r e s u l t i n g  i n  a maximum volume of r e se rvo i r  st imulated? 
What is the  geometry (length,  width, and number) of t he  f r ac tu res?  What is  
t h e  na ture  of t h e  treatment ( f l u i d  composition, volumes, pumping rates, per- 
fo ra t ion  i n t e r v a l s )  which, when applied t o  a formation of c e r t a i n  p rope r t i e s ,  
w i l l  r e s u l t  i n  optimum and economic recovery. What are some of t h e  important 
geophysical measurements and experiments t h a t  can a i d  i n  t h i s  endeavor? What 
da ta  and experiences e x i s t  t h a t  are re levant?  Most of t he  western r e se rvo i r s  
contain a high degree of water sa tu ra t ion .  
can s i g n i f i c a n t l y  reduce the  already low permeability of these  reservoi rs .  
Is i t  poss ib le  t o  use e x i s t i n g  logging techniques supplemented by new geophy- 
s i c a l  measurements t o  a s c e r t a i n  t h e  in - s i tu  water sa tu ra t ion?  

High degrees of water s a t u r a t i o n  

Devonian sha les  are a l s o  very low i n  permeability and therefore  present 
many of t he  same challenges as the  t i g h t  Rocky Mountain formations. 
are, however, some s p e c i a l  problems. Logging techniques f o r  these  sha le s  are 
j u s t  being developed, and w e  have not been ab le  t o  loca t e  f r ac tu res  t h a t  do 
not i n t e r s e c t  t he  wellbore by means of standard logs. The e f f e c t  of the  
hydraulic f r a c t u r i n g  method on Devonian sha le s  i s  not w e l l  understood. 
one of t h e  standard hydraulic f r ac tu r ing  f l u i d s ,  can cause s i g n i f i c a n t  forma- 
t i o n  damage; organic and cryogenic f l u i d s  are expensive; high explosive 
f r ac tu r ing  makes w e l l  clean-out and completion cos t ly  and uncertain,  and as 
w e  have shown previous ly , l  t h e  diameter of permeability enhancement is  s m a l l .  
Gas f r a c t u r i n g  is a developing ar t ,  and i t  shows promise f o r  appl ica t ion  i n  
t h e  sha les .  

There 

Water, 
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Our program is pr imar i ly  inves t iga t ive  i n  nature.  No major f i e l d  
programs are cur ren t ly  proposed. We are constructing and applying theo re t i -  
cal  models and performing laboratory experiments t o  develop an understanding 
of t he  s t imula t ion  processes. However, one f a c e t  of t h e  program is d i r ec t ed  
toward geophysical measurement (logging) t o  provide in s igh t  i n t o  t h e  environ- 
ments where these  s t imula t ion  processes are applied. Close assoc ia t ion  with 
the  ERDA-supported f i e l d  programs w i l l  provide t h e  i n t e r a c t i o n  and d i r ec t ion  
necessary t o  t h e  program. 
areas: (1) t h e o r e t i c a l  modeling of the  hydraulic f r a c t u r i n g  process; 2) hy- 
d r a u l i c  f r ac tu r ing  laboratory experiments; (3) log  t o o l  development and 
app l i ca t ion  and ana lys i s  of l og  data;  ( 4 )  cataloging and evaluation of pe r t i -  
nent geological and geophysical r e se rvo i r  da ta ;  (5) measurements of pe r t inen t  
r e se rvo i r  proper t ies ;  (6) r e se rvo i r  ana lys i s ;  and (7) evaluation of o the r  
s t imula t ion  techniques. 

The LLL program can be broken i n t o  seven t a s k  

THEORETICAL MODELING OF THE HYDRAULIC FRACTURING PROCESS 

A t  t he  present t i m e ,  two models are being used. One is  designed t o  
analyze t h e  l o c a l  e f f e c t s  of t he  hydraulic f r ac tu r ing  process 
e f f e c t s  t h a t  cont ro l  t h e  o r i en ta t ion  of t h e  hydraul ica l ly  c rea ted  f r ac tu re )  
and t h e  o ther  t o  ca l cu la t e  some of t h e  long range e f f e c t s  of f r a c t u r i n g  
processes such as sur face  deformations and stress f i e l d s  across layer ing  near 
t he  f r ac tu re .  
measurements' t o  i n t e r p r e t  f r a c t u r e  geometries. 

( t h a t  i s ,  t h e  

Results from t h e  lat ter model are being compared with f i e l d  

The f i r s t  model is much more complete i n  t h a t  pore f l u i d  flow and pore 
pressure e f f e c t s  are included with t h e  elastic model of the  continuum. The 
model cons i s t s  of t h e  numerical so lu t ion  of t h e  two-dimensional time-dependent 
porous-flow equations, which overlays a s ta t ic  two-dimensional f i n i t e  element 
descr ip t ion  of t h e  elastic continuum.3 
cont ro l led  by t h e  f l u i d  flow i n t o  t h e  f r a c t u r e ,  while t h e  s t a t i c  so lu t ion  
follows as a set of equilibrium states a t  each t i m e  s tep .  
e f f e c t s  i n  t h e  elastic so lu t ion .  This approximation is v a l i d  s ince  t h e  wave 
speed is  much l a r g e r  than the  propagation ve loc i ty  of a fluid-driven f r ac tu re .  
For example, a f r a c t u r e  is driven on t h e  order of 2000 f t  i n  5 t o  8 h, while 
an e l a s t i c  wave t r ave r ses  t h i s  d i s tance  i n  0 . 2  s. A t  p resent ,  t h e  coupling 
between t h e  elastic and flow p a r t s  of the  code is i n  t h e  pore pressure 
e f f e c t s  using t h e  equation generally a t t r i b u t e d  t o  Terzaghi: 

This allows t h e  t i m e  so lu t ion  t o  be 

W e  ignore t h e  wave 

4 

1 0  
0 = 5 -p,  

where 
pore pressure. The penneabili ty of t he  f r a c t u r e  is ca lcu la ted  using 

is  the  t o t a l  stress, oo is the  s o l i d  matrix stress, and p i s  the  

2 k = 6 /12 ,  

where k is the  permeability of the  f r a c t u r e  and 6 i s  t h e  f r a c t u r e  aperature. 

The hydraulic f r a c t u r i n g  model, which includes t h e  f l u i d  flow and 
pore pressure e f f e c t  i s  i n  an advanced development s t age ,  and w e  w i l l  p ro-  
ceed with f u r t h e r  development as appl ica t ion  warrants. 
t h a t  t h e  model can allow a f r a c t u r e  t o  be pushed open by t h e  f l u i d  pressure 

Calculations show 
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and then t o  c lose  as the  f l u i d  is withdrawn. A f a i l u r e  c r i t e r i o n ,  which 
would permit f r a c t u r e s  t o  nuc lea te  and propagate has not  y e t  been incorpo- 
r a t ed  i n t o  t h e  model. 

The model has been appl ied i n  s e v e r a l  check problems. The e f f e c t s  of 
t h e  pore pressure  on t h e  e l a s t i c  s t r a i n  f i e l d  can be  r ead i ly  seen by examina- 
t i o n  of Figs. 1 and 2. Figure 1 shows contours of t h e  d i l a t a t i o n  s h o r t l y  
a f t e r  t h e  f r a c t u r e  w a s  pushed open by an in j ec t ed  f l u i d .  
d i l a t a t i o n a l  o r  t ens iona l  lobes near  t h e  crack t i p s  and compressional lobes 
adjacent  t o  the  f r a c t u r e  faces .  Figure 2 d i sp lays  contours of d i l a t a t i o n  
a f t e r  t he  pore f l u i d  has propagated from t h e  f r a c t u r e  i n t o  t h e  medium. 
Here, w e  no te  t h a t  t he  compressional lobes have s i g n i f i c a n t l y  decreased and 
t h e  t ens iona l  lobes are more predominant. 

Here w e  no te  two 

The second model i s  e s s e n t i a l l y  a s t a t i c / e l a s t i c  model. Pore pressure  
e f f e c t s  are not  included. W e  used t h i s  model t o  s tudy t h e  e f f e c t  of a l aye r  
on t h e  genera l  stress f i e l d  and su r face  de f l ec t ion  p rope r t i e s  above a v e r t i -  
c a l  hydrofracture .  A s  t he  problem geometry i n  Fig. 3 shows, w e  used ha l f -  
plane symmetry t o  s impl i fy  the  ca lcu la t ions .  
r a t i o  V2, is  embedded i n  a medium t y p i f i e d  by Poisson 's  r a t i o  V 1 .  Young's 
modulus w a s  he ld  constant f o r  both materials. W e  kept t h e  hydrofracture  
loca t ion  and width constant ,  bu t  va r i ed  t h e  l aye r  depth a and t h e  l aye r  
width w independently. We made t e n  ca l cu la t ions ,  then reversed the  Poisson 's  
r a t i o s  and red id  t h e  ca l cu la t ions .  I n  some ca l cu la t ions ,  t h e  l a y e r  w a s  
wholly below t h e  hydrofracture .  I n  most cases,  t h e  l a y e r  completely o r  par- 
t i a l l y  contained t h e  hydrofracture .  
v1 = 0.35 and v2 = 0.20. 

The l aye r ,  t y p i f i e d  by Poisson 's  

For t h e  problem shown i n  Fig. 3 ,  w e  used 

A t  t he  top of Fig.  3 is  a p l o t  of t he  sur face  v e r t i c a l  displacements 
w e  obtained f o r  t h e  l a y e r  geometry shown. 
curve w a s  s imilar  f o r  t h e  d i f f e r e n t  cases ,  bu t  a change i n  t h e  hydrofracture  
l o c a t i o n  o r  width sometimes s h i f t e d  the  peak of t h e  curve s l i g h t l y  and a l s o  
caused the  amplitude t o  change. The paral le l  s t r a i n  along t h e  su r face ,  when 
p lo t t ed ,  a l s o  exhib i ted  t h e  same genera l  c h a r a c t e r i s t i c s  as t h e  su r face  dis-  
placement curve wi th  the  peak corresponding t o  the  peak i n  su r face  def lec t ion .  

The genera l  cha rac t e r  of t h i s  

Figure 4 shows t h e  genera l  d i s t o r t i o n a l  f i e l d  i n  t h e  region of t h e  

Some of 
hydrofracture .  The most compressive stress i s  near  t h e  middle of t h e  hydro- 
f r a c t u r e  and t h e  most t e n s i l e  nea r  t he  ends of t he  hydrofracture .  
t he  l i n e s  have been omitted near  t h e  hydrofracture  due t o  t h e  l a r g e  grad ien ts  
i n  t h a t  region. The pos i t i on  of t he  l a y e r  i s  c l e a r l y  v i s i b l e  on t h e  contour 
map. 

LOGGING 

Acoustic ve loc i ty  logs  are o f t en  used i n  f ind ing  f r a c t u r e s  near  the  
A ~ e l l b o r e . ~  

wet-hole t o o l  o f t en  used i s  t h e  var iable- intensi ty-recording continuous- 
ve loc i ty  log,  marketed under such names as Microseismogram o r  3-D log.6 
da t a  obtained with t h i s  log  are normally recorded on f i l m  t h a t  moves pas t  a 
s l i t  a t  a rate propor t iona l  t o  t h e  logging speed. 
across  the  s l i t  with each pulse  of the  sonde t r ansmi t t e r .  The osc i l loscope  
beam . i s  intensity-modulated by t h e  acous t i c  s igna l ,  producing a b r i g h t  trace 

We have used them f o r  t h a t  purpose i n  t h e  Devonian sha les .  

The 

An osc i l loscope  sweeps 



f o r  l a r g e  p o s i t i v e  amplitude,  no trace f o r  a l a r g e  nega t ive  amplitude,  and 
a medium trace f o r  zero  amplitude. This  is recorded on t h e  f i l m  as l i g h t  
and dark l i n e s ,  wi th  n e u t r a l  gray f o r  ze ro  amplitude. 
record.  

F igure  5 shows such a 

Such logs  are s a t i s f a c t o r y  f o r  l o c a t i n g  f r a c t u r e s  near  t h e  borehole ,  
bu t  s i n c e  t h e i r  sweep i s  gene ra l ly  q u i t e  s h o r t ,  t h e  depth of observa t ion  is  
q u i t e  l imi ted .  The equipment can be  opera ted  w i t h  much longer  sweeps i f  
des i r ed ,  a l though t h i s  is  r a r e l y  done. A t  Columbia gas w e l l  N o .  20403 nea r  
Huntington, West Vi rg in i a ,  two wet-hole logs  w e r e  run wi th  sweeps of about 
30 m s  (an o rde r  of magnitude longer  than  normal). 
shown i n  Fig.  6 .  The so l id- looking  s t r a i g h t  ver t ica l  l i n e s  are water waves, 
boundary waves , etc. ; t h e  "hash" beyond them i s  presumably s i g n a l  re turned  
from r e f l e c t o r s  f a r  from t h e  borehole.  W e  hope t o  e x t r a c t  u s e f u l  information 
from t h i s  late-time record ,  o r  I'coda." 

P a r t  of t h e  record i s  

The coda is r a t h e r  d i f f i c u l t  t o  i n t e r p r e t  as i t  s tands .  
w a s  d i g i t i z e d  on a microdensitometer.  Unfortunately,  t h e  d i g i t i z a t i o n  had t o  
be performed piecemeal,  and t h e  r e s u l t  w a s  a record of f i l m  d e n s i t y  v s  
p o s i t i o n  on t h e  f i lm ,  corresponding t o  s i g n a l  amplitude vs depth and t i m e .  
These records  were inpu t  t o  a contour-p lo t t ing  computer program, and two 
f i lm-densi ty  contours  were p l o t t e d  f o r  each s e c t i o n  of record  (Fig.  7 ) .  The 
contours  were then  r e d i g i t i z e d  w i t h  a hand-tracing type  d i g i t i z e r  so  t h a t  a 
new continuous record  of a contour  f o r  t h e  e n t i r e  h o l e  could b e  p l o t t e d .  The 
r e s u l t  i s  shown i n  F ig .  8. Also shown i n  Fig.  8 are two logs  (a s i b i l a t i o n  
l o g  and a " f r a c t u r e  i n t e n s i t y  log") ,  which are i n d i c a t i v e  of gas e n t e r i n g  
t h e  borehole .  Peaks i n  t h e s e  logs  seem t o  be  a s soc ia t ed  wi th  d i p s  i n  the  
contour log .  These d ips  i n d i c a t e  t h a t  a s i g n a l  of a given i n t e n s i t y  d i e s  
away sooner  a t  t h a t  depth than  a t  depths  nearby; thus ,  t h e  s i g n a l  a t  t h a t  
depth is  weaker. 

Therefore  i t  

An explana t ion  of why such a d i p  might be a s soc ia t ed  w i t h  a gas show 
has been suggested by R. C. Carlson of LLL. A s s u m e  t h a t  t h e  signals seen 
i n  Fig.  6 have been s c a t t e r e d  many t i m e s  from f r a c t u r e s  be fo re  a r r i v i n g  a t  
t h e  de t ec to r .  I f  t h e r e  are very f e w  scatterers ( f r a c t u r e s ) ,  no s i g n a l  w i l l  
be r e tu rned  t o  t h e  de t ec to r .  This s i t u a t i o n  o b t a i n s  i n  t h e  top  p a r t  of 
Fig. 6 .  I f  t h e r e  are very many scatterers, t h e  s c a t t e r e d  s i g n a l  w i l l  be 
g r e a t l y  a t t enua ted ,  and t h e r e  w i l l  be  very  l i t t l e  s i g n a l  a t  t h e  de t ec to r .  
With an optimum number of scatterers, t h e  signal w i l l  b e  l a r g e s t .  
i n  t h e  contour,  then ,  i n d i c a t e  a s i t u a t i o n  i n  which t h e  s i g n a l  has  been 
g r e a t l y  a t t enua ted .  This  would suggest  t h a t  t h e r e  are many f r a c t u r e s  and 
t h e r e f  o r e  recoverable  gas.  

The d ips  

F igure  9 compares t h e  logs  i n  Pig.  8 w i t h  a number of o t h e r s  i n  t h e  
same hole .  Of them, only t h e  acoust ic-ampli tude and t h e  3-D l ogs  ( run  w i t h  
a transmitter/receiver spac ing  of 30 cm) seem t o  show anomalies no t  a s soc ia t ed  
wi th  l i t ho logy .  Tn bo th  logs ,  t h e  gas shows a t  3100 f t  and 3800 f t  are 
as soc ia t ed  wi th  anomalies. The 3-D l o g  sugges ts  t h a t  a f r a c t u r e d  reg ion  be- 
g ins  a t  3100 f t  and ends a t  3800 f t .  The amplitude log  shows a low-amplitude 
reg ion  t h e r e ,  which i n d i c a t e s  f r a c t u r i n g ,  b u t  t h e r e  i s  noth ing  on t h e s e  logs  
t o  i n d i c a t e  t h e  i n d i v i d u a l  gas shown. Therefore ,  t h e  log-sweep a c o u s t i c  
l o g  seems t o  b e  t h e  most promising one c u r r e n t l y  a v a i l a b l e .  
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E r i c  Smith of Columbia Gas Company has shown t h a t  peaks on a n a t u r a l  
gamma-ray log  are assoc ia ted  with t h e  presence of kerogen i n  Devonian sha le .  
A number of samples from Columbia Gas w e l l  No. 20403 near Huntington, West 
Virginia,  w e r e  analyzed with gamma-ray spectroscopy. David Coles of LLL per- 
formed t h e  analysis.  Four of t he  samples w e r e  l i g h t  i n  co lor ,  presumably low 
i n  kerogen, and four  w e r e  dark, presumably because of high kerogen content. 
A high gamma count w a s  found assoc ia ted  with t h e  dark samples. 

David o l e s  
chains of 235Th, 289U, and 
gamma peak i n  d e t a i l ,  and came out with a t a b l e  of d i s in t eg ra t ions  per minute 
f o r  each of t h e  four  nuclides of i n t e r e s t .  The t a b l e  does not explain the  
gamma-ray log  of w e l l  N o .  20403 by i t s e l f ,  and so i t  i s  not reproduced here. 

LLL alg35analyzed f o r  gamma-rays due t o  40K and t h e  
U. He used a Ge(Li) de t ec to r ,  which sees each 

The gamma-ray log  i n  t h a t  hole w a s  evidently performed with a Geiger- 
Mu l e r  counter, which does not d i scr imina te  between t h e  gamma rays. 
23iU chain produces e ight .  When Coles' r e s u l t s  are mul t ip l ied  by these  
f a c t o r s ,  t he  r e s u l t  c l e a r l y  explains t h e  log. 
l og  i n  w e l l  No. 20403, with Coles' da ta ,  mul t ip l ied  as above, properly 
sca led ,  and with the  two uranium chains added. It is obvious t h a t  t he  
majority of t h e  count-rate d i f fe rence  is caused by the  uranium. 

The 

Figure 10 shows the  gamma-ray 

Table 1,shows a geo log i s t ' s  descr ip t ion  of t h e  cores a t  each depth 
point. 
powdered samples, t he  co lor  d i f fe rence  is  v e w  clear between the  dark 
samples a t  2740, 3055, 3220, and 3720 and t h e  o ther  four. 

The high-count po in ts  are a l s o  the  darkest  i n  color.  Looking a t  t h e  

W e  may s a f e l y  conclude t h a t  t h e  d i f fe rence  i n  count rate between t h e  
Cole has w r i t t e n  dark and l i g h t  samples is  caused by isotopes of uranium. 

a paper t h a t  shows t h a t  coa l  is s i m i l a r l y  enriched i n  uranium.7 
may expla in  why the  uranium is present i n  the  kerogen. 

This  paper 

MECHANICAL MEASUREMENTS OF DEVONIAN SHALE 

Predic t ion  of f r a c t u r e  i n t e n s i t y ,  geometry, and ex ten t  r e s u l t i n g  from 
high-explosive o r  hydraulic-fracturing s t imula t ion  of a low-permeability, 
gas-bearing formation requi res  c e r t a i n  equation of s ta te  (EOS) o r  mechanical 
measurements as input t o  the  c a l c u l a t i o n a l  codes. 
t e n s i l e  s t r eng th ,  f a i l u r e  envelope (under pressure) ,  loading moduli, loading 
path (up t o  t h e  f a i l u r e  envelope), and pressure/volume behavior. 

These measurements include: 

To charac te r ize  t h e  mechanical behavior of t h e  10-cm core from Columbia 
gas w e l l  No. 20403, w e  e l ec t ed  t o  subdivide i t  i n t o  four  d i s t i n c t  un i t s .  
These w e r e :  

Upper gray member 807-1039 m 
brown gaseous member 1039-1116 m 
white slate member 1116-1203 m 
Narcellos black sha le  member 1203-1233 m 

Each of these  u n i t s  w a s  then t r e a t e d  as an ind iv idua l  rock f o r  t he  purposes 
of def in ing  an EOS. For each u n i t ,  w e  have planned t o  determine: 
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1. The t e n s i l e  s t r eng th  p a r a l l e l  and perpendicular t o  bedding, 
0 .1  MPa. 

2. The un iax ia l  stress f a i l u r e  envelope i n  compression t o  % 300 MPa 
confining pressure,  p a r a l l e l  and perpendicular t o  bedding. 

3. The un iax ia l  stress f a i l u r e  envelope i n  extension t o  400-600 MPa 
confining pressure ,  p a r a l l e l  and perpendicular t o  bedding. 

4. The pressure/volume behavior t o  1.5 GPa. 

5. The loading path i n  uniax ia l  s t r a i n  (compression) beginning at 
0 .1  and 50 MPa confining pressure.  
p a r a l l e l  and perpendicular t o  bedding. 

Loading d i r ec t ion  both 

6. The shear and compressionalwave v e l o c i t i e s  t o  confining pressures 
of 1.0 GPa (measurements made both p a r a l l e l  and perpendicular t o  
bedding f o r  t h e  determination of dynamic e l a s t i c  cons tan ts ) .  

During t h i s  pas t  year ,  w e  have determined a l l  e i g h t  sets of measure- 
ments under i t e m  1 above (two d i r ec t ions  i n  each of four  rock u n i t s ) .  These 
are summarized i n  Table 2. I n  general, t h e r e  does not appear t o  be any dis- 
ce rn ib l e  t rend  i n  s t r eng th  with e i t h e r  depth o r  between rock un i t s  ( f o r  t h e  
same or i en ta t ion ) .  The t e n s i l e  s t r eng th  p a r a l l e l  t o  t h e  bedding seems t o  be 
about two t i m e s  t h a t  measured normal t o  bedding. 

We have a l s o  completed a l l  measurements ou t l ined  i n  i t e m  2. Typical 
r e s u l t s  are i l l u s t r a t e d  i n  Figs. 11-14. I n  each f igu re ,  t he  compression 
f a i l u r e  envelope f o r  t h e  v i r g i n  sha le  is defined by t h e  points.  A t  low- 
moderate pressures,  t he  f a i l u r e  mode is termed b r i t t l e  i n  a l l  cases and is 
t h e  r e s u l t  of combined t e n s i l e  and shear  f r ac tu re .  The former dominates a t  
l a w  pressure and is or ien ted  parallel t o  the  maximum p r i n c i p a l  stress 01. 
However, t h e  l a t te r  becomes dominant a t  moderate-high pressures and is or ien ted  
a t  % 30" t o  01. 
become d u c t i l e ,  t h a t  is, a l l  deformation is  quasi-uniformally d i s t r i b u t e d  
wi th in  t h e  test sample. The b r i t t l e - d u c t i l e  (B.D.) t r a n s i t i o n  point usually 
occurs a t  lower pressures f o r  loading normal t o  bedding than f o r  compression 
para l le l  t o  it (Pigs. 11 and 12). Also shown i n  these  f igu res  is t h e  post- 
f a i l u r e  s t r eng th  envelope, designated by po in t s  A .  This sur face  de l inea te s  
t h e  shear s t r eng th  of t h e  f rac tured  sha le  vs confining pressure.  
b r i t t l e - d u c t i l e  t r a n s i t i o n ,  t he re  is  no s t r eng th  decrease upon f a i l u r e ,  only 
d i s t r i b u t e d  flow, and hence, t h e  two curves become i d e n t i c a l  a t  higher pres- 
sures  (Figs. 11-14). Comparison between Figs. 11 and 1 2  suggests t h a t  at 
similar pressures,  t h i s  sha l e  u n i t  has only about a 10 t o  20% s t r eng th  aniso- 
tropy with loading d i rec t ion .  Loading p a r a l l e l  t o  bedding seems t o  be 
s t ronges t  (except at t h e  lowest pressure) ,  bu t  more b r i t t l e  than f o r  perpen- 
d i cu la r  t o  bedding. 

A t  t he  h ighes t  pressures t e s t ed ,  these  sha le  u n i t s  frequently 

A t  t h e  

Determination of t h e  f a i l u r e  envelope i n  uniax ia l  stress loading f o r  
extension (item 3) has been completed f o r  5 of t he  8 poss ib le  combinations 
(two d i r ec t ions  i n  each of four rock u n i t s ) .  
envelopes are i l l u s t r a t e d  i n  Figs. 1 3  and 14 f o r  comparison wi th  t h e  compres- 
s ion  curve. A t  low pressures ,  t h i s  extension envelope always is  much lower 
than t h a t  f o r  compression; at high pressure,  i t  may remain lower (Fig. 13) or 
i t  may exceed i t  (Fig. 14).  

Examples of t hese  f a i l u r e  
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The pressure/volume behavior  ( i t e m  4 )  of u n i t s  1 through 3 is  
summarized t o  4.0 GPa i n  Fig.  15. This  f i g u r e  c l e a r l y  i n d i c a t e s  t h a t  t h e  
known gaseous s h a l e  member i s  t h e  most compressible (except  a t  l o w  p r e s s u r e ) ,  
followed by t h e  Marcellus b lack  s h a l e  member, and t h e  wh i t e  s la te  member. 
Volume changes a t  210 GPa, f o r  example, are about 9 .2%,  8.3% and 6 . 5 % ,  
r e s p e c t i v e l y  f o r  t h e  t h r e e  members. 
t h e  average of 3 o r  more tests. 
o r i e n t a t i o n .  

Each curve shown i n  Fig.  15 is  based on 
These r e s u l t s  are unaf fec ted  by sample 

Also shown i n  Figs .  11 through 13 are t h e  u n i a x i a l  s t r a i n  loading 
pa ths  as descr ibed  i n  i t e m  5 (above). I n  each case, r ega rd le s s  of t h e  
i n i t i a l  s t a r t i n g  p res su re ,  t h i s  loading  pa th  r a p i d l y  becomes sub-pa ra l l e l  
t o  t h e  v i r g i n  compression envelope curve a t  about one-half of t h a t  value.  
Large h y s t e r e s i s  occurs  upon unloading (Fig.  11). 

Acoust ic  v e l o c i t i e s  l i s t e d  under i t e m  6 have not  been completed. 
These, as w e l l  as t h e  remaining work noted above, w i l l  be  completed i n  t h e  
next  qua r t e r .  

LABORATORY EXPERIMENTS ON HYDRAULIC FRACTURE 

A l abora to ry  experimental  program has  been e s t a b l i s h e d  t o  provide a 
b e t t e r  understanding of t h e  i n i t i a t i o n  and growth of a f lu id-dr iven  crack.  
The parameters  t o  be considered are: (1) t h e  mechanical p r o p e r t i e s  of t h e  
s o l i d ,  i .e . ,  e l a s t i c  moduli, s t r e n g t h ,  e tc . ,  (2) t h e  phys ica l  s ta te  of t h e  
s o l i d ,  i .e. ,  presence of pre-ex is t ing  c racks ,  p o r o s i t y ,  l aye r ing ,  e tc . ,  
(3 )  t h e  boundary cond i t ions ,  such as f r e e  s u r f a c e s ,  appl ied  overburden 
stresses, e tc . ,  and ( 4 )  t h e  manner i n  which t h e  crack-driving f l u i d  is  
i n j e c t e d  i n t o  t h e  s o l i d .  

The o v e r a l l  goa l  of t h i s  research  is  t o  exp la in  how t h e s e  parameters 
determine t h e  d e t a i l s  of c rack  growth such as d i r e c t i o n ,  o r i e n t a t i o n  w i t h  
r e spec t  t o  f l u i d  i n j e c t i o n  h o l e ,  growth rate, and fo rk ing  o r  d iv id ing .  W e  
a l s o  seek an understanding of how a crack behaves i n  t h e  reg ion  nea r  an 
i n t e r f a c e ,  both i n  a s i n g l e  material and between two m a t e r i a l s  having d i f  
d i f f e r e n t  p r o p e r t i e s .  
a l l  condi t ions  encountered i n  an a c t u a l  i n - s i t u  hydrau l i c  f r a c t u r e  experiment. 
However, i t  is f e l t  t h a t  t h e  understanding gained w i l l  d e f i n i t e l y  be  u s e f u l  
i n  t h e  des ign  of la rge-sca le  f r a c t u r e  opera t ions .  

C lea r ly ,  l abora tory-sca le  experiments cannot s imula t e  

W e  have begun by i n v e s t i g a t i n g  experimental  techniques of genera t ing  
hydrau l i c  f r a c t u r e s  and c o n t r o l l i n g  and observing t h e i r  growth. 
experiments have been performed on rocks ,  b u t  f o r  t h e  ma jo r i ty ,  w e  have used 
polymethylmethacrylate (PMMA) as t h e  f r a c t u r e  medium. Its transparency 
permits  easy observa t ion  of i n t e r i o r  cracks.  

A f e w  

The technique used t o  induce hydrau l i c  f r a c t u r e s  i n  a l l  experiments so 
f a r  has  been t o  i n j e c t  p re s su r i zed  o i l  i n t o  t h e  sample through a borehole  
cased 'wi th  a steel i n j e c t i o n  tube.  A s h o r t ,  uncased, smaller-diameter por- 
t i o n  of t h e  borehole  is loca ted  at t h e  bottom of t h e  i n j e c t i o n  tube  s o  t h a t  
t h e  i n j e c t i o n  tube  rests on a shoulder  as shown i n  Pig.  16. 
t i o n  tube  (0.250 i n .  O.D.) is s l i g h t l y  s m a l l e r  i n  diameter  than  t h e  borehole  

The steel  in j ec -  
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(0.280 in .  I.D.) and is  secured i n  t h e  borehole by a mixture of Hysol epoxy. 
To give a d e f i n i t e  d i r e c t i o n  t o  the  work, w e  sometimes use a s p e c i a l  t o o l  t o  
make a s m a l l  pre-crack i n  t h e  open po r t ion  of t he  borehole below t h e  in jec-  
t i o n  tube. The dashed l i n e  i n  Fig. 16 denotes such a pre-crack. This 
technique has been used s o  f a r  only i n  PMMA f r a c t u r e  experiments. 
experiment, p r i o r  t o  connecting t h e  i n j e c t i o n  tube t o  t h e  hydraul ic  pressure  
l i n e ,  w e  f i l l  t h e  i n j e c t i o n  tube and borehole s e c t i o n  wi th  hydraul ic  f l u i d  so 
t h a t  a l l  a i r  is displaced.  Pressure is  appl ied with a hand-operated pump. 

I n  each 

Early i n  t h e  program, a series of experiments were performed t o  assess 
t h e  relative f r a c t u r a b i l i t y  of s e v e r a l  rock types t o  be used i n  f u t u r e  experi-  
ments. The test  samples were general ly  cy l inders  2 t o  5 i n .  i n  diameter and 
6 t o  1 2  i n .  i n  height .  The rocks chosen w e r e  Indiana l imestone (poros i ty  
about 15%),  Nugget sandstone (poros i ty  about 5%) and th ree  types of sha le .  
Fluid i n j e c t i o n  holes  w e r e  f ab r i ca t ed  along t h e  cy l inder  a x i s  as described 
above. 
s t ronges t  of t h e  rocks t e s t ed .  
i n j ec t ion - f lu id  pressure  range. The planes of these  f r a c t u r e s  w e r e  p a r a l l e l  
t o  t h e  borehole as shown i n  Fig. 1 7 .  
f r a c t u r i n g  i n  t h e  1200 t o  1600 p s i  i n j ec t ion - f lu id  pressure  range. 
sha l e  f r a c t u r e s  w e r e  i n  t he  bedding planes,  which i n  these  experiments w e r e  
perpendicular t o  the  boreholes.  

The Indiana l imestone and Nugget sandstone were found t o  be the  
They f r ac tu red  i n  t h e  5000 t o  6000 p s i  

The sha le s  w e r e  found t o  be  much weaker, 
The 

These preliminary experiments i n  rocks yielded l i t t l e  q u a n t i t a t i v e  
da t a  o ther  than  the  r e l a t i v e  f r a c t u r e  s t r eng ths  of t h e  d i f f e r e n t  rock types.  
Future experiments are planned t o  assess t h e  e f f e c t s  of ex te rna l ly  appl ied 
stress f i e l d s  and t h e  rate of f l u i d  i n j e c t i o n  on hydraul ic  f r a c t u r e  genera- 
t ion. 

Experiments t o  s tudy t h e  e f f e c t  of an ex te rna l  stress f i e l d  w e r e  per- 
formed using PMMA. The test specimens were 4 i n .  cubes. I n  t h e  f i r s t  two 
experiments, t he  pre-crack w a s  o r i en ted  p a r a l l e l  and perpendicular  t o  t h e  
faces  upon which a 2000 p s i  load w a s  appl ied as shown i n  Figs.  18a and 18b. 
I n  the  f i r s t  case (Fig. 18a) ,  t he  crack developed from t h e  pre-crack at a 
borehole pressure  of 2500 p s i  and grew p a r a l l e l  t o  t h e  appl ied stress. 
the  second case (Fig. 18b), a new crack formed a t  a borehole pressure  of 
7000 p s i  and grew para l le l  t o  the  appl ied  stress. 
pendent of t h e  pre-crack. 
w a s  o r i en ted  a t  45' t o  t he  cube faces  along t h e  diagonal as shown i n  Figs .  19a 
and 19b. I n  one case no external load w a s  appl ied ,  and t h e  crack grew as 
a cont inuat ion of t h e  pre-crack a t  a f l u i d  pressure  of 2500 p s i  as shown by 
t h e  dashed l i n e  i n  Fig. 19a. I n  t h e  second experiment, a 2000 p s i  load w a s  
appl ied.  
bu t  turned and grew p a r a l l e l  t o  t h e  appl ied load as shown by t h e  dashed l i n e  
i n  Fig. 19b. 

I n  

This new crack w a s  inde- 
I n  a second set of two experiments, t he  pre-crack 

A t  a 3000 p s i  borehole pressure  a crack grew from t h e  pre-crack 

To s tudy hydraul ica l ly  dr iven crack motion near  an i n t e r f a c e ,  a block 
of PMMA (8  in .  x 8 i n .  x 4 i n . )  w a s  sect ioned i n t o  t h r e e  pieces as shown i n  
Fig. 20. The i n t e r f a c e s  11 and I2 were machined f l a t .  I n t e r f a c e  I1 w a s  
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bonded by a t h i n  f i l m  of chloroform. The assembly 
w a s  loaded with a stress of 2000 p s i  as shown i n  Fig. 20. 
pressurized t o  3000 p s i ,  where f r a c t u r e  occurred. The f r a c t u r e  d id  not cross 
e i t h e r  of t h e  in t e r f aces ,  but w a s  contained i n  t h e  shaded area shown i n  Fig. 20. 
I n  a s i m i l a r  experiment i n  which Indiana limestone w a s  bonded t o  PMMA with no 
ex terna l  applied stress, the  crack crossed t h e  i n t e r f a c e  from PMMA i n t o  t h e  
limestone. 
attempt w a s  made t o  d r ive  t h e  crack from limestone i n t o  PMMA, t h e  crack would 
not cross the  PMMA-limestone in t e r f ace .  

In t e r f ace  I2 had no bond. 
The borehole w a s  

However, when the  i n j e c t i o n  ho le  w a s  put i n  t h e  limestone and an 

RESERVOIR ANALYSIS 

As p a r t  of our study of hydraulic f r ac tu r ing  as a s t imula t ion  method, 
w e  have performed f u r t h e r  evaluations of t he  nuclear-explosive-stimulated w e l l  
(RB-E-01) loca ted  about one mile from t h e  massive hydraulic f r a c t u r e  experi- 
mental w e l l  (RB-MHF-3) near Rio Blanco, Colorado. I n  t h i s  experiment, t h ree  
30-kt nuclear explosives w e r e  emplaced at depths of 5480, 6230, and 6690 f t ,  
respec t ive ly .  
lower two w e r e  i n  t h e  Mesa Verde formation. These are t h e  same two formations 
s tud ied  i n  the  MHF w e l l .  

The upper explosive w a s  i n  t h e  Fort Union formation, while t h e  

The explosives were detonated as planned on 1 7  May 1973. The explo- 
s i v e l y  f r ac tu red  region w a s  reentered t h r u  t h e  emplacement w e l l  and i n i t i a l  
production t e s t i n g  commenced i n  November 1973. The i n i t i a l  drawdown (during 
which 2, 35 mmscf of gas w e r e  produced) ind ica ted  t h a t  contrary t o  o r i g i n a l  
expectations,  t h e  production or ig ina ted  only from t h e  chimney volume crea ted  
by t h e  top explosive,  not from t h e  th ree  chimneys combined. Additional pro- 
duction of about 65 mmscf during the  f i r s t  two weeks of February 1974 reduced 
t h e  chimney pressure t o  about 450 p s i ,  and t h e r e  w a s  s t i l l  no ind ica t ion  of 
communication with the  lower chimneys. (Rare gas  tracers had been emplaced 
with each of t h e  explosives t o  give a measure of t h e  cont r ibu t ion  from each 
chimney. ) 

In  late 1974, t he  lowermost chimney w a s  entered by s l a n t  d r i l l i n g  from 
a w e l l  (RB-AR-2) o f f s e t  about a qua r t e r  of a m i l e .  Approximately 25 mmscf 
of gas were produced i n  December 1974, and t h i s  lowered the  chimney pressure 
from an i n i t i a l  1900 p s i a  t o  j u s t  over 1200 ps ia .  The w e l l  w a s  then shut-in 
t o  monitor t h e  pressure  buildup. 
connected t o  gas sands of l imi ted  extent w a s  t he  i n i t i a l  p ressure  of 1900 p s i a ,  
which w a s  about 1000 p s i  lower than hydros ta t ic .  

An e a r l y  ind ica t ion  t h a t  t h e  w e l l  w a s  

Af te r  s e v e r a l  months of pressure buildup, an attempt w a s  made (v ia  
modeling s tud ie s )  t o  eva lua te  t h e  c h a r a c t e r i s t i c s  of t he  formation feeding 
t h e  chimney and t h e  s t imula t ion  due t o  explosive f r ac tu r ing .  
computer model, which simulated the  chimney, f r ac tu res ,  and formation. The 
gas-flow ca lcu la t ions  were done using the  TRUMP computer program. 

We used a 

The bas i c  modeling procedure involved assigning values t o  t h e  various 
model parameters (permeability, pay he ight ,  permeability enhancement due t o  
f r ac tu r ing ,  and chimney s i z e ) ,  d r iv ing  the  model wi th  t h e  known production 
h i s to ry ,  and then comparing the  ca lcu la ted  chimney pressure h i s t o r y  with t h e  
measured pressures.  
t h e  process was  repeated over and over u n t i l  a reasonable match w a s  obtained 
between the  ca lcu la ted  and measured pressure h i s t o r i e s .  

Af te r  changing the  value of one o r  more of t he  parameters, 
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This e a r l y  modeling l ed  t o  a p a i r  of models t ha t  appeared t o  bracket 
t h e  somewhat s ca t t e r ed  data. 
respec t ive ly ,  and a pay height of 50 f t .  
e f f ec t ive ly  i n f i n i t e .  
s i z e  became evident as t h e  calculated pressures continued to rise while t h e  
observed buildup e s s e n t i a l l y  stopped. Further modeling d i r ec t ed  a t  a study 
of t h e  lens  s i z e  l ed  t o  t h e  conclusion t h a t  a 10-pd permeability and a 50-ft 
pay he ight ,  with an e f f e c t i v e  ou te r  boundary rad ius  of womewhat under 400 f t  
would f i t  t he  da ta  reasonably w e l l .  
pressure h i s t o r y  could be in t e rp re t ed  as showing a s l i g h t  late-time dec l ine  
(within the  scatter of t h e  data) prompted a reconsideration of t he  model. 

These models used permeabi l i t i es  of 5 and 10 pd, 
The r a d i a l  ex ten t  of t h e  models w a s  

With t h e  passing of t i m e ,  t h e  e f f e c t  of f i n i t e  lens  

However, t he  observation t h a t  t h e  

It w a s  recognized t h a t  t he  chimney, i n i t i a l l y  at a temperature of per- 
haps 600°F, would be very slowly cooling; however t h e  l o w  rate, on t h e  order 
of O.l0F/day, would be only a s m a l l  per turba t ion  as f a r  as t h e  change i n  gas 
dens i ty  w a s  concerned. It w a s  then rea l ized  t h a t  t h e  vapor pressure of water 
(which cont r ibu tes  t o  t h e  t o t a l  p ressure  i n  t h e  chimney) changes many t i m e s  
more rap id ly  i n  t h i s  temperature range than does t h e  absolute temperature. 
A thermal model of t h e  chimney and surrounding rock w a s  constructed t o  obta in  
an approximate thermal h i s t o r y  of the chimney. 
during t h e  600 days following t h e  start of buildup t h e  chimney temperature 
declined only 40°F (from 500'F t o  460°F), while t he  vapor pressure  of water 
dropped 300 p s i  (from 700 t o  400 ps ia ) .  

This model ind ica ted  t h a t  

Further work l ed  t o  a model with a formation permeability of 10 pd, a 
pay height of 60 f t ,  and an e f f e c t i v e  lens  rad ius  of 450 f t .  The ca lcu la ted  
and measured pressure-vs-time h i s t o r i e s  are shown i n  Fig. 21. 
shows the  fracture-induced permeability used i n  t h e  model. 

Figure 22 

GEOLOGIC STUDIES FOR GAS STIMULATION MODELS 

R e a l i s t i c  models f o r  the  s t imula t ion  of gas from the  Devonian brown 
sha le  of t h e  Appalachian Basin and t h e  low-permeability western gas sandstone 
requi re  a ca re fu l  consideration of t h e  geology of each reservoi r .  In  cont ras t  
t o  t h e  t i g h t  sandstone, the  sha le  has a lower gas- f i l l ed  poros i ty ,  (about 2% 
versus 5%) a lower r e se rvo i r  pressure (they are shallower and have less-than- 
normal pressure grad ien ts ) ,  and a very l o w  gas permeability ( l e s s  than 1 ud vs 
about 2 pd). However, t h e  reservoi rs  are th i ck  (about 400 f t )  and extensive 
(55,000 t o  110,000 square miles).  

The Western sandstone formations are considerably more var iab le .  Not 
only do they show a wider range of physical  p rope r t l e s ,  they are geometri- 
c a l l y  var iab le .  Figure 23 shows the  geographical d i s t r i b u t i o n  of bas ins  
with low-permeability sandstone reservoi rs .  Areas l i k e  t h e  Denver Basin 
have predominantly t h i n ,  but extensive marine margin sandstone depos i t s  t h a t  
are amenable t o  s t imula t ion  by long f r ac tu res .  
near t he  bas in  of t he  Mesa Verde formation i n  t h e  Piceance and Uinta Basins. 
However, most of t he  reservoi rs  i n  these  la t ter  basins are f l u r i a l  and lacus- 
t r i n e  depos i t s ,  elongated lenses  wi th in  shale.  The s t imula t ion  technique and 
ana lys i s  must take the  spa t i a l  va r i a t ions  of these  cont inenta l  depos i t s  i n t o  
consideration. 
Verde formatron is  25 f t  t h i ck ,  350 f t  wide, and 3,500 f t  long. Clearly,  a 
f r a c t u r e  generated across t h e  width need not exceed 350 f t  i n  length. 

A few u n i t s  of t h i s  type e x i s t  

A t y p i c a l  channel - f i l l  deposit  i n  t h e  Piceance Basin Mesa 

To be 
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e f f e c t i v e ,  a s i n g l e  w e l l  should b e  completed by s t i m u l a t i n g  each sand zone 
according t o  i ts  own c h a r a c t e r i s t i c s .  
are now underway t o  provide t h e  necessary  informat ion  f o r  an understanding 
of l o c a l  v a r i a t i o n s  and t h e i r  e f f e c t  on s t i m u l a t i o n  methods. 

Deta i led  s t u d i e s  of t y p i c a l  bas ins  
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FIGURE CAPTIONS 

FIGURE 1. 

FIGURE 2. 

FIGURE 3. 

FIGURE 4. 

FIGURE 5. 

FIGURE 6. 

FIGURE 7. 

FIGURE 8. 

FIGURE 9. 

FIGURE 10. 

FIGURE 11. 

FIGURE 12. 

FIGURE 13. 

FIGURE 14. 

D i l a t a t i o n  contours  around a pressure-opened f r a c t u r e  at T = 0 .44 ,  

k i s  t h e  permeabi l i ty  of t h e  medium, p is  where T = 

t h e  v i s c o s i t y  of t h e  i n j e c t e d  f l u i d ,  a is  t h e  compress ib i l i t y  of 
t h e  elastic mat r ix ,  q is t h e  p o r o s i t y ,  B is t h e  compress ib i l i t y  
of t h e  i n j e c t e d  f l u i d ,  t i s  t h e  problem t i m e ,  and L i s  t h e  l eng th  
of t h e  f r a c t u r e .  

k t 
Il(cl-t.n B) 2; 

D i l a t a t i o n  contours  around a p res su r i zed  f r a c t u r e  at T = 4.138. 
See Fig.  1 f o r  a d e f i n i t i o n  of t h e  nondimensional t i m e  T.  

Representa t ion  of a v e r t i c a l  hydro f rac tu re  i n  a layered  medium. 
Vertical displacements of t h e  s u r f a c e  are shown a t  t h e  top  of 
t he  f i g u r e .  

D i s t o r t i o n a l  contours  f o r  t h e  problem geometry shown i n  Fig.  3. 
D i s t o r t i o n  is  def ined  as I &  -& 1 where E 
strains. 

and E~ are the p r i n c i p a l  1 2  1 

I l l u s t r a t i o n  of t y p i c a l  intensi ty-modulated,  cont inuous-veloci ty  
(3-D) log .  

P a r t  of long sweep logging record f o r  Columbia gas w e l l  No. 20403 
( s i g n a l  is  f o r  3690 f t  t o  3960 f t ) .  

I n i t i a l  contours  f o r  a segmented, d i g i t i z e d ,  sonic-logging record 
f o r  Columbia gas w e l l  No. 20403. 

Composite of processed s o n i c  logging record wi th  two o t h e r  logs  
( t h e  s i b i l a t i o n  l o g  and a f r a c t u r e  i n t e n s i t y  l o g ) ,  which i n d i c a t e  
gas e n t e r i n g  t h e  borehole .  

. 

Composite borehole  geophysical  l ogs  f o r  Columbia gas w e l l  No. 
20403. 

Gamma ra l o g  f o r  Columbi gas  w e l l  No. 20403, proper ly  s c a l e d  
showing 4ok, 232Th and 23$. 

F a i l u r e  envelopes f o r  c o r e  from Marcellus b l ack  s h a l e  s e c t i o n  f o r  
Columbia gas w e l l  No. 20403. Samples t e s t e d  w e r e  perpendicular  
t o  bedding . 
F a i l u r e  envelopes f o r  core  from Marcellus b lack  s h a l e  s e c t i o n  f o r  
Columbia gas w e l l  No. 20403. Samples t e s t e d  were p a r a l l e l  t o  
bedding. 

F a i l u r e  envelopes f o r  core  from brown gaseous s h a l e  s e c t i o n  f o r  
Columbia gas w e l l  No. 20403. Samples w e r e  perpendicular  t o  bedding. 

F a i l u r e  envelopes f o r  core  from whi te  s h a l e  s e c t i o n  f o r  Columbia 
gas  w e l l  No. 20403. Samples were perpendicular  t o  bedding. 
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FIGURE 15. Compress ib i l i ty  curves  f o r  cores  from Columbia gas w e l l  NO. 20403. 

FIGURE 16. Technique of s ecu r ing  i n j e c t i o n  tube  i n  borehole  (used w i t h  PMMA 
samples only) .  

FIGURE 17.  Hydraul ic  f r a c t u r e  i n  Indiana  l imestone. 

FIGURE 18.  Orien ta t ion  of pre-crack w i t h  r e spec t  t o  app l i ed  load.  

FIGURE 19. The e f f e c t  of an e x t e r n a l  load on d i r e c t i o n  of crack growth. 

FIGURE 20. Crack growth p a t t e r n  i n  layered  PMMA. 

FIGURE 21. Pressure-buildup h i s t o r y  of the  lower Rio Blanco nuc lea r  chimney 
compared t o  a t h e o r e t i c a l  match. 

FIGURE 22. Permeabi l i ty  p r o f i l e  f o r  t h e o r e t i c a l  model of lower Rio Blanco 
nuc lea r  chimney. 

FIGURE 23. Low-permeability regions.  
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* 
I N  SITU EXAMINATION O F  HYDRAULIC FRACTURES 

L.  D. Tyler ,  W.  C.  Vollendorf, and D. A. Northrop 
Sandia Laborator ies  

Albuquerque, New Mexico 87115 

ABSTRACT 

Hydraulic f r a c t u r e  experiments have been performed i n  Rainier  Mesa at  
ERDA's  Nevada T e s t  S i t e  as p a r t  of a nuclear  containment s tudy.  An expand- 
ed program t o  understand hydraul ic  f r a c t u r e s  a s  p a r t  of ERDA's Enhanced G a s  
Recovery Program i s  underway. Three f r a c t u r e  experiments conducted t o  da te  
and plans f o r  t h i s  mineback tes t  p r o j e c t  w i l l  be discussed. 

The f r a c t u r e  experiments w e r e  performed i n  a 4-in diameter uncased 
hole  a t  a nominal depth of 1400 f t  i n  a uniform ash- fa l l  t u f f  formation. 
Two experiments w e r e  conducted i n  one hole  w i t h  d i f f e r e n t  colored grout .  
The r e s u l t s  showed t h e  s t rong  inf luence  of i n  s i t u  stress on f r a c t u r e  d i rec-  
t i o n  and o r i e n t a t i o n .  The t h i r d  experiment used a water g e l  f r a c  f l u i d  
which w a s  designed t o  p lace  20-40 sand,  i n j e c t e d  i n  t h r e e  s t ages  with d i f -  
f e r en t  concentrat ion and co lor ,  uniformly i n  the f r a c t u r e .  The r e s u l t i n g  
f r ac tu re  system w a s  very complex. The e f f e c t s  of f a u l t s  and bedding planes 
on blocking f r a c t u r e  growth and changing f r a c t u r e  o r i e n t a t i o n  were pro- 
nounced. Data co l l ec t ion  and ana lys i s  have not  been completed, bu t  valuable  
i n s i g h t  i n t o  i n  s i t u  f r a c t u r e  behavior has been obtained.  

Fur ther  experiments a r e  planned a s  p a r t  of t h i s  p r o j e c t  t o  understand 
hydraul ic  f r ac tu r ing .  Di rec t  f r a c t u r e  observat ion by mineback and cor re la -  
t i o n  with geologic and material p r o p e r t i e s ,  f l u i d  behavior ,  and fracture 
parameters w i l l  form a br idge between modeling and labora tory  s t u d i e s  and 
empir ical  f i e l d  production r e s u l t s .  

I NTIEODUCTI ON 

Hydraulic, explosive,  and nuclear  f r a c t u r i n g  s t imu la t ion  techniques 
have been appl ied  t o  low permeabi l i ty  na tu ra l  gas r e se rvo i r s  with varying, 
bu t  genera l ly  noneconomic, r e s u l t s .  Massive hydraul ic  f r a c t u r i n g  (MHF) as 
being p rac t i ced  i s  based on extensive,  "conventional" f r a c t u r i n g  experience,  
laboratory experimentation, and empir ical  design models; t he  ex t r apo la t ion  
to  the  massive s c a l e  has not been general ly  successfu l .  Industry has  s t a t e d  
the need t o  perform experiments i n  an environment which allows f o r  d i r e c t  
f r a c t u r e  examination and evaluat ion.  EFtDA's Nevada Test  S i t e  provides t h i s  
opportunity.  An e x i s t i n g  tunnel  complex and support  f a c i l i t i e s  of t he  S i t e  
have been used f o r  the  d i r e c t  examination of hydraul ic  f r a c t u r e s .  These 
mineback experiments form the  b a s i s  of a new p r o j e c t  aimed a t  the under- 
s tanding of complex f r ac tu r ing  processes .  
* This work w a s  supported by the  United S t a t e s  Energy Research and Develop- 

ment Administration, ERDA, Under Contract No. AT(29-11789. 
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This paper is  divided i n t o  two p a r t s .  The f i r s t  p a r t ,  I n  S i t u  Mineback 
Experimental Resul ts ,  p resents  t h e  r e s u l t s  of  t h e  mineback hydraul ic  frac- 
t u r i n g  experiment performed a t  t h e  Nevada T e s t  S i te .  
Mineback T e s t  P ro jec t ,  o u t l i n e s  the  r o l e  of Sandia 's  p r o j e c t  i n  the  gas 
s t imula t ion  work done by indus t ry .  

The second par t ,  

I N  SITU MINEBACK EXPERIMENTAL RESULTS 

Since 1974 Sandia Laborator ies  has had an ac t ive  research program i n  
hydraul ic  f r ac tu r ing .  Our i n i t i a l  motivation f o r  the  research came from 
the  underground nuclear  t es t  program, where our  concern w a s  how a leak might 
occur due t o  hydrofracing by a condensible f l u i d .  The ob jec t ives  of t he  
f r ac tu r ing  program were t o  e s t a b l i s h  small-scale hydraul ic  f r a c t u r e  experi-  
ments as an i n  s i t u  s t r e s s  t o o l  and s tudy t h e  behavior of hydraul ica l ly  
formed cracks i n  an i n  s i t u  environment. This work w a s  done i n  the  G Tunnel 
Complex of Rainer Mesa a t  ERDA's  Nevada T e s t  S i t e .  A l l  t he  experiments were 
conducted adjacent  t o  the  tunnel  so t h a t  t he  f r a c t u r e  da t a  could be  co l lec-  
t e d  during a mining operat ion.  
measurements has been met and hydraul ic  f r a c t u r i n g  i s  rou t ine ly  used t o  m e a -  
s u r e  i n  s i t u  stresses i n  t h e  tunnel  with a low volume, high pressure  pumping 
system. The aims of t he  second ob jec t ive  have been expanded t o  include re- 
quirements f o r  hydraul ic  f r ac tu r ing  research t o  support  ERDA's Enhanced Gas 
Recovery Program. 

The first ob jec t ive  r e l a t e d  t o  i n  s i t u  stress 

Three hydraul ic  f r a c t u r e  experiments are descr ibed below. A l l  of t he  
experiments w e r e  conducted i n  4-in diameter uncased holes  a t  a nominal depth 
Of 1400 f t .  Two experiments w e r e  conducted i n  Hole U12g10.3 using colored 
grouts  as a f r a c t u r e  f l u i d .  The t h i r d  experiment was done i n  H o l e  U12g10.5 
using a water based g e l  as a f r a c t u r e  f l u i d .  

Hole U12g10.3. Two hydraul ic  f r a c t u r e  experiments were conducted i n  
t h i s  ho le  a t  d i f f e r e n t  depths.  
t u r e  f l u i d  a t  a bottom hole  depth of 1395 f e e t .  Af te r  t h e  f i r s t  experiment 
w a s  accomplished, a grout  p lug  w a s  poured and the  second experiment w a s  
done with a yellow grout  a t  a depth of 1365 f e e t .  The f r a c t u r e  i n t e r v a l  i n  
the  hole  f o r  both experiments w a s  10  f e e t  with a br idge  plug set  a t  the  top  
of t h e  i n t e r v a l .  Formation breakdown w a s  done by i n i t i a l l y  i n j e c t i n g  200 
gal lons of water.  This w a s  followed by 272 ga l lons  of  grout  with water  t o  
f lush  t h e  system. The t o t a l  volume i n j e c t e d  was 700 ga l lons .  The average 
t reatment  r a t e  w a s  3.2 b a r r e l s  pe r  minute. Flow rate and su r face  i n j e c t i o n  
pressure  were only measured. 

The bottom f r a c t u r e  used a red grout  f rac-  

The formation rock f o r  these  experiments w a s  a uniform ash - fa l l  t u f f  
which has the  p rope r t i e s  l i s t e d  i n  Table I. The mineback inves t iga t ion  
showed t h a t  both f r a c t u r e s  w e r e  almost v e r t i c a l  with a d ip  t h a t  va r i ed  
between 83' and 87O NW. The f r a c t u r e s  w e r e  a l s o  p l ana r  i n  t h a t  the  bear ing 
f o r  t he  yellow f r a c t u r e  w a s  N 53O E f o r  20 f e e t  of recovery and t h e  red  
f r a c t u r e  bear ing var ied  from N 4 7 O  E t o  N 53' E over a d i s t ance  of 50 feet. 
No lateral and v e r t i c a l  ex ten t s  of the  f r a c t u r e s  have been def ined as y e t ,  
b u t  a coring program is underway t o  complete t h e  f r a c t u r e  geometry def in i -  
t i o n .  The d ip  and bear ing d i r ec t ions  of  the t w o  f r a c t u r e s  correspond t o  
the  minimum hor i zon ta l  p r i n c i p a l  stress d i r ec t ion .  The ca l cu la t ed  down 
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hole  shut-in pressures  compared w e l l  wi th  those measured by s m a l l  hydraul ic  
f r a c t u r e  i n  s i t u  stress tests done i n  the tunnel  complex.' The tunnel  tests 
gave 894 ps i  f o r  t h e  minimum p r i n c i p a l  stress with a value of 1065 psi  f o r  
the  H o l e  12910.3 f r ac tu res .  The d ip  and bear ings found f o r  t h e  small tes t  
agreed w e l l  wi th  the  two grouted f r ac tu res .  

Hole U12g10.5. A s i n g l e  f r a c t u r e  experiment w a s  done i n  t h i s  ho le .  
The purpose o f  t h i s  experiment w a s  t o  t r y  t o  gain some information on the  
f r a c t u r e  f l u i d  motion during t h e  f r a c t u r e  c rea t ion  and t o  g e t  some d a t a  on 
f r a c t u r e  width. The experiment w a s  done i n  the  ash- fa l l  t u f f  rock descr ibed 
i n  T a b l e  I .  The f r a c t u r e  design c a l l e d  f o r  a w a t e r  based g e l  (PWG/FR2GL) 
with colored 20-40 sand of  d i f f e r e n t  concentrat ions t o  be phased i n t o  the  
f r a c t u r e  schedule a t  an i n j e c t i o n  r a t e  of 4 barrels /minute .  
schedule i s  given i n  T a b l e  11. Flow rate and su r face  pressures  w e r e  mea-  
sured.  
values.  

The design 

An annulus pressure  w a s  measured t o  h e l p  determine the  down hole  

The mineback evaluat ion of the  experiment has not  been completed, bu t  
some very i n t e r e s t i n g  r e s u l t s  have been obtained. The hole  d r i l l e d  for  t h i s  
experiment pene t ra ted  a region of  the  formation between two f a u l t s  which 
s t rongly  inf luenced t h e  f r a c t u r e  growth and o r i e n t a t i o n .  The f a u l t s  had 
small displacements of t he  order  of  an inch and contained a rubble  zone 
which w a s  about an inch wide. The formation a l s o  had a number of t h i n  bed- 
ding planes i n  the experimental  area. The e f f e c t  of these  f ea tu res  on frac-  
t u r e  geometry a re  presented below. 

* 

The p lan  view shown i n  Figure 1 shows t h e  o u t l i n e  of t h e  tunnel  exca- 
vated for f r a c t u r e  examination. The enclosed area  shown a t  the bottom of 
the  f igu re  is an excavated bench. The experiment ho le  i s  shown a t  t h e  55 
foo t  s t a t i o n .  The f i r s t  view of t he  f r a c t u r e  system i s  a p r o f i l e  along t h e  
l i n e  A-A. The A-A view, Figure 2 ,  shows the  e n t i r e  mined f r a c t u r e  System 
pro jec ted  on the  A-A l i n e .  Two f r a c t u r e s  were formed. The primary f r a c t u r e  
w a s  near ly  v e r t i c a l  with a d i p  varying between 85' NE t o  85' NW and essen- 
t i a l l y  l ies  i n  the  A-A plane except f o r  t he  t a i l  from CS20 t o  CS40 which 
curved out  of t h e  plane.  The f a u l t s  and bedding planes are a s  observed i n  
the  A-A plane.  The secondary f r a c t u r e  system shown w a s  p ro j ec t ed  on t h e  
A-A plane from the  tunnel  bench noted i n  Figure 1. The experiment ho le  i s  
shown as VDH #5 with the  f r a c t u r e  i n i t i a t i o n  i n t e r v a l  being the  t h i n  l i n e  
below the  wide l i n e .  Two important r e s u l t s  about t h e  primary f r a c t u r e  can 
be seen i n  t h i s  p r o f i l e .  F i r s t ,  t h e  f a u l t  t o  t h e  l e f t  o f  the ho le  blocked 
the  l a t e r a l  growth t o  t h e  nor th  and, secondly,  a bedding plane a few f e e t  
above the  i n i t i a t i o n  l e v e l  served as a b a r r i e r  t o  v e r t i c a l  growth. The 
e f f e c t  of t h e  f a u l t  t o  the  r i g h t  of t h e  hole  i s  shown i n  l a t e r  views. 
i c a l l y ,  t he  pa th  of l e a s t  r e s i s t a n c e  w a s  downward. 

Bas -  

A v e r t i c a l  cross-sect ion,  plane D-D, i s  shown i n  Figure 3. The primary 

This 

The dashed l i n e  a t  t h e  

f r a c t u r e  system i s  shown passing through the  hole  and s topping j u s t  below 
the  upper bedding plane.  The secondary f r a c t u r e  i s  shown t o  the l e f t .  
f r a c t u r e  has a d ip  which va r i e s  from 10' NE t o  80' NE.  The marked changes 
i n  f r a c t u r e  d ip  are due t o  very t h i n  bedding planes.  
i n t e r s e c t i o n  of t h e  two f r a c t u r e s  denotes t h e  absence of  sand. Referr ing 
t o  Figure 2 ,  t h e  next view of t h e  f r a c t u r e  system is a p l an  view of  plane 
E-E. 
ed t h e  lateral  growth, as mentioned e a r l i e r ,  t o  the north and a new weak 

The E-E plane i s  shown i n  Figure 4.  The f a u l t  t o  t h e  l e f t  has re ta rd-  
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f a u l t  is evident  between t h e  o t h e r  two f a u l t s .  The f r a c t u r e  is not  connect- 
ed across  t h e  f a u l t  t o  the  r i g h t  i n  this plane.  On the  r i g h t  s i d e  of t h i s  
f a u l t ,  t h e  f r a c t u r e  begins t o  change bear ing by approximately 40" t o  the  
east. Another observat ion is t h a t  the  secondary f r a c t u r e  system does not 
extend t o  t h i s  depth. 

From t h e  observat ions of  t he  placement of t he  sand and the  shape of the  
f r a c t u r e  system, it appears t h a t  t he  f r a c t u r e  i n i t i a t e d  and grew i n  the  down- 
ward d i r ec t ion  because of  b a r r i e r s  due t o  t h e  f a u l t  t o  t h e  north and the  
p a r t i n g  plane above. The f a u l t  t o  t he  south d id  not  s t o p  growth b u t  t h e r e  
is evidence t h a t  a marked change of i n  s i t u  stress e x i s t s  across  the  f a u l t  
because of t he  d i r e c t i o n  change of t h e  f r a c t u r e .  Continued explora t ion  of 
t h i s  f r a c t u r e  is planned which includes i n  s i t u  stress determinations across 
the  f a u l t s  and bedding planes i n  addi t ion  t o  f u r t h e r  f r a c t u r e  examination. 

The above r e s u l t s  from the  mineback inves t iga t ion  of  t he  hydraul ic  
f r a c t u r e  experiments have demonstrated how d i f f e r e n t  geological  f ea tu re s  
a f f e c t  f r a c t u r e  growth. I n  a uniform media, t he  f r a c t u r e s  are v e r t i c a l  
with a cons i s t en t  d ip  and bear ing.  When f a u l t s  or bedding planes a r e  pres-  
e n t ,  t h e  f r a c t u r e  growth may be re ta rded  o r  reor ien ted .  Addit ional  i n  s i t u  
stress measurements and material property da t a  are being obtained t o  f u r t h e r  
quant i fy  the  observed f r a c t u r e  behavior i n  these  experiments. 

MINEBACK TEST PROJECT 

The mineback experiments j u s t  presented have been performed as p a r t  of 
a nuclear  containment program; t h e i r  commonality and app l i ca t ion  t o  enhanced 
gas recovery i s  obvious. An expanded scope of a c t i v i t i e s  i s  planned f o r  a 
r ecen t ly  i n i t i a t e d  Sandia Laboratories p r o j e c t  which is  p a r t  of ERDA's En- 
hanced G a s  Recovery Program and which i s  aimed a t  t h e  understanding of com- 
p lex  f r ac tu r ing  processes .  This mineback tes t  p r o j e c t  i s  intended t o  form 
a br idge between the  design modeling and labora tory  s t u d i e s  and the  empiri- 
c a l  f i e l d  production r e s u l t s  which are the  b a s i s  f o r  today ' s  f r ac tu r ing  
technology. 

One view of t h e  r o l e  of  mineback t e s t i n g  is  given i n  Figure 5 .  A f rac-  

Industry and se rv ice  company experience,  p lus  inputs  f r o m  w e l l  logs  
ture s t imula t ion  as undertaken today i s  ind ica t ed  by t h e  upper h a l f  of the  
f igure .  
and o t h e r  geological  information,  r e s u l t s  i n  a f r a c  design,  t h e  f r a c  job i n  
the  f i e l d ,  and a f i n a l  eva lua t ion .  This eva lua t ion  i s  based pr imar i ly  upon 
gas production i n  combination with t h e  opera t iona l  parameters ( f l u i d  type,  
pumping rate,  proppant,  e t c . )  of  the  job. The eva lua t ion  is  empir ical  i n  
na ture  with the  experience cont r ibu t ing  t o  the  design of  f u r t h e r  jobs.  
Mineback t e s t i n g  o f f e r s  more information which can cont r ibu te  d i r e c t l y  t o  
production design and p rac t i ce .  A s  seen i n  t h e  f i g u r e ,  Sandia would serve  
as a c a t a l y s t  i n  t he  planning, conduct, and evaluat ion of a mineback frac-  
t u r e  experiment. Evaluation here  i s  accomplished by d i r e c t  observat ion of 
the  produced f r a c t u r e  and co r re l a t ions  can be made with t h e  material prop- 
e r t y ,  f l u i d  behavior ,  phys ica l  desc r ip t ion ,  and opera t iona l  parameters a s  
l i s ted .  
company experience and knowledge base used i n  production. 

Note t h a t  t he  evaluat ion feeds back i n t o  the  same industry-service 
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The Mineback T e s t  Project 's  ob jec t ive  is t o  understand, and thus im-  
prove, f r ac tu r ing  processes f o r  enhanced na tu ra l  gas production from low- 
permeabi l i ty  r e se rvo i r s .  Tasks cont r ibu t ing  t o  th i s  ob jec t ive  are : (1) 
mineback t e s t i n g  f o r  d i r e c t  f r a c t u r e  observat ion and eva lua t ion ;  ( 2 )  rock 
mechanics, f l u i d  dynamics, and geochemical s t u d i e s  required t o  i n t e r p r e t  
observed f r a c t u r e  behavior;  ( 3 )  incorpora t ion  of the r e s u l t s  i n t o  improved 
s t imula t ion  design models and ca l cu la t ions  ; (4 )  assessment and c a l i b r a t i o n  
of logging and instrumentat ion techniques for f r a c t u r e  mapping and charac- 
t e r i z a t i o n ;  and (5 )  t e s t i n g  of innovat ive s t imu la t ion  techniques.  

Industry and se rv ice  company p a r t i c i p a t i o n  i n  a l l  aspec ts  of t h i s  pro- 
gram i s  e s s e n t i a l .  Such i n d u s t r i a l  i n t e r e s t  has been high,  and f u r t h e r  
p a r t i c i p a t i o n  is  s o l i c i t e d  i n  t h i s  paper.  This program w i l l  provide a 
unique opportuni ty  t o  quant i fy  f r a c t u r e  behavior and is not  being done 
e 1s ewhe re . 

The t rade-of fs  between number and s c a l e  of t h e  experiments and the  
cos t s  , t i m e  and " r e a l  estate" consumed by mineback f o r  adequate charac te r i -  
za t ion  must be ca re fu l ly  assessed i n  t h e  tes t  planning. Important experi-  
mental areas  include:  (1) t he  e f f e c t s  of d i f f e r e n t  f l u i d s ,  proppants,  and 
pumping schedules upon proppant d i s t r i b u t i o n  and f r a c t u r e  conduct ivi ty;  ( 2 )  
i n t e r a c t i o n  of t he  c rea ted  f r a c t u r e  with natural ly-occurr ing f r a c t u r e s  and 
formation i n t e r f a c e s ;  ( 3 )  t he  e f f e c t s  of d i f f e r e n t  o r  novel completion, 
p re fo ra t ion ,  and f r a c  techniques upon f r a c t u r e  i n i t i a t i o n  and propagation: 
and ( 4 )  chemical explosive f r ac tu r ing .  I n i t i a l  tests would be small-scale,  
bu t  subsequent l a r g e r  t e s t s  would be conducted t o  e s t a b l i s h  s c a l i n g  param- 
eters appropriate  t o  MHF. Extension of these  tests t o  deep uranium mines 
which under l ie  Cretaceous formation of t h e  San Juan Basin i s  envisioned t o  
provide s i m i l a r  information i n  a more representa t ive  environment. 

A formation i n t e r f a c e  experiment i s  planned f o r  l a t e  summer 1977. Hy- 
d r a u l i c  f r a c t u r e s  w i l l  be c rea ted  above and below an a sh - fa l l  tuff-welded 
t u f f  i n t e r f a c e  a t  a depth of  % 1350 f t .  The t w o  formations have cont ras t -  
i ng  d e n s i t i e s  and Young's modulii of 1.77 and 2.19 g / m 3  and 0.24 and 
2 . 4 1  x l o 6  psi  f o r  the  a sh - fa l l  and welded t u f f s ,  respec t ive ly .  

Supportive rock mechanics, f l u i d  dynamics, and geophysical and geochem- 
i c a l  s t u d i e s  w i l l  be performed t o  a i d  i n  t h e  i n t e r p r e t a t i o n  of observed 
f r a c t u r e  behavior.  The mineback experiments w i l l  allow f o r  confirmation, 
i n  a f i e l d  environment, of t he  labora tory  and modeling e f f o r t s .  
properties (fracture toughness , s p a l l a t i o n  , uniaxia l  and t r i a x i a l  stress- 
s t r a i n  r e l a t i o n s h i p s ,  anisotropy,  etc.)  w i l l  be measured under d i f f e r e n t  
condi t ions of stress, temperature,  and water  s a tu ra t ion .  F lu id  dynamics 
during f r a c t u r i n g  involves inves t iga t ion  of  f r a c  f l u i d  v i scos i ty  as a func- 
t i o n  of t i m e  and temperature,  proppant mobi l i ty ,  and f l u i d  loss t o  the  for- 
mation. F ina l ly ,  t he  r e s u l t a n t  permeabi l i ty  f o r  gas flow from the  formation 
t o  t h e  fracture and along a propped f r a c t u r e  t o  t h e  w e l l  w i l l  be i n v e s t i -  
gated and modeled. The geophysical and geochemical e f f e c t s  of the  forma- 
t i ons  on these  p rope r t i e s  w i l l  receive p a r t i c u l a r  a t t e n t i o n  t o  make the  
r e s u l t s  appl icable  t o  o t h e r  f i e l d  environments. 

Formation 

The mineback t e s t s  w i l l  be used f o r  the  assessment and c a l i b r a t i o n  of 
instrumentat ion techniques f o r  f r a c t u r e  cha rac t e r i za t ion .  Borehole and 
ad jacent -s ta t ion  seismic techniques which map the  source of  s i g n a l s  generated 
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by t h e  growing f r a c t u r e  appear promising b u t  are known t o  be  complex. 
E l e c t r i c a l ,  displacement v i a  tiltmeters, t r a c e ,  and improved pressure mea- 
surements w i l l  be inves t iga ted .  
observed f r a c t u r e  co r re l a t ions  w i l l  be made. F ina l ly ,  i n  s i t u  stress mea- 
surement technique comparisons w i l l  be made i n  "side-by-side" tests. 

Logging technique--in s i t u  property-- 

CONCLUSIONS 

The f e a s i b i l i t y  of t h e  i n  s i t u  examination of  hydraul ic  f r a c t u r e s  by 
mineback has been demonstrated. 
of i n  s i t u  stress d i s t r i b u t i o n s ,  material p rope r t i e s ,  and o t h e r  geologic 
f ea tu res  upon f r a c t u r e  behavior.  An expanded p r o j e c t  has been i n i t i a t e d  
aimed a t  the  understanding of complex f r a c t u r i n g  processes by c o r r e l a t i n g  
d i r e c t  f r a c t u r e  observat ions with labora tory  and modeling s t u d i e s  and f i e l d  
production experience.  Applications to  enhanced gas recovery w i l l  be 
emphasized. 

Preliminary r e s u l t s  have shown t h e  e f f e c t s  
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TABLE I 

ASH-FALL TUFF ROCK PROPERTIES 

Bulk Density (gm/cc) 

Grain Density (gm/cc) 

Poros i ty  (%)  

Modulus of E l a s t i c i t y  (x l o 6  p s i )  

Poisson ' s Ratio 

Bulk Modulus (x  l o 6  p s i ) *  

Shear Modulus (x  l o 6  p s i )  

Permeabi l i ty  (mi l l idarcy)  

* 

* 
**  

1.77 

2.42 

44.6 

0.236 

0.312 

0.211 

0.111 

0.01 

* 
Calculated 

H e l i u m  permeabi l i ty  tes t  on 4.75-cm diameter by 
5.18-cm long specimens. T e s t  conducted on as- 
received specimen with zero confining pressure  
and 300 p s i  d r iv ing  pressure .  (Our experience 
shows with small  confining pressures  t h e  per- 
meabi l i ty  values may be one o r  two orders  of 
magnitude s m a l l e r .  ) 

** 
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TABLE I1 

DESIGN SCHEDULE F O R  HOLE U12g10.5 

F rac tu r ing  F l u i d :  PWG/FR26L 

1.I = 79 cp 

Schedule : I n j e c t i o n  Rate = 4 bar re l s /minute  

Volume 

350 g a l  Pad 

450 g a l  1 l b / g a l  20-40 Sand-Black 

400 gal 2 lb/gal 20-40 Smd-Red 

400 g a l  3 l b / g a l  20-40 Sand-Blue 

1600 g a l  TOTAL 
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A STATUS REPORT ON THE MHF MAPPING AND CHARACTERIZATION PROGRAM* 

C a r l  L. S c h u s t e r  
Sandia  L a b o r a t o r i e s  

Albuquerque, N e w  Mexico 87115 

ABSTRACT 

The s u r f a c e  e lectr ical  p o t e n t i a l  system w a s  r e f u r b i s h e d  and 
updated d u r i n g  t h i s  y e a r  p r i o r  t o  conduc t ing  s e v e r a l  f i e l d  e x p e r i -  
ments. R e s u l t s  f r o m  t h e s e  MHF's n o t  o n l y  i n c l u d e  f r a c t u r e  o r i e n t a t i o n  
b u t  a lso provided  some i n s i g h t  i n t o  f r a c t u r e  growth p e r i o d s .  A very  
sha l low f r a c t u r e  experiment  w a s  a l so  conducted t o  c a l i b r a t e  t h e  
models and al lowed v e r i f i c a t i o n  of several d i f f e r e n t  mapping t e c h n i -  
ques .  The s u r f a c e  seismic r e c o r d i n g  e f f o r t  h a s  been t e r m i n a t e d  and 
i t s  emphasis p l aced  on downhole, w a l l  clamped, t h r e e - a x i s  geophone 
r e c o r d i n g  system. Th i s  system should  be a v a i l a b l e  f o r  t e s t i n g  
d u r i n g  f i s c a l  ' 7 8 .  

INTRODUCTION 

During t h e  p rev ious  yea r ,  Sandia  Laboratories has j o i n e d  w i t h  
several o p e r a t i n g  companies t o  perform d i a g n o s t i c  exper iments  on 
gas s t i m u l a t i o n  v i a  massive h y d r a u l i c  f r a c t u r i n g .  These exper iments  
have covered a w i d e  range  of d e p t h s ,  fo rma t ions ,  and r e g i o n a l  loca- 
t i o n s  t o  s tudy  h y d r a u l i c  f r a c t u r i n g .  The s u r f a c e  e lec t r ica l  p o t e n t i a l  
w a s  t h e  pr imary means o f  o b t a i n i n g  t h i s  d i a g n o s t i c  i n fo rma t ion .  This  
system u t i l i z e s  t h e  f r a c t u r e  w e l l  as one of t h e  c u r r e n t  electrodes i n  
a t y p i c a l  f o u r  e lement  r e s i s t i v i t y  a r r a y .  The changing geometry of 
t h i s  c u r r e n t  electrode as t h e  conduct ive  f r a c t u r e  f l u i d  i s  pumped 
i n t o  the ground r e s u l t s  i n  a changing p o t e n t i a l  p a t t e r n  a t  t h e  s u r -  
face which can then  be mapped. 
the f r a c t u r e  can then  be determined from t h e  s u r f a c e .  A l s o  t he  
f r a c t u r e  growth p e r i o d s  and l e n g t h s  of t i m e  t h a t  t he  f r a c t u r e  l e n g t h  
i s  be ing  extended can  be determined.  
t h e  t h e o r e t i c a l  model f o r  them was p r e s e n t e d  a t  t h e  SEG meet ing i n  
Houston. 

The o r i e n t a t i o n  and asymmetry of 

These p o t e n t i a l  changes and 

Four exper iments  w e r e  conducted d u r i n g  t h i s  y e a r  and t h e i r  re- 
s u l t s  i n d i c a t e  t h a t  t he  s u r f a c e  e lec t r ica l  p o t e n t i a l  system d e s i g n  
e f for t  h a s  been completed and i t s  a p p l i c a t i o n  t o  h y d r a u l i c  f r a c t u r i n g  
h a s  been proven. Y e t  t o  be determined are t h e  l i m i t a t i o n s  and 
c a p a b i l i t i e s  o f  t h i s  system when a p p l i e d  t o  deepe r  o r  smaller hy- 
d r a u l i c  f r a c t u r e  experiments .  These r e s u l t s  w i l l  have t o  be 
determined by both  a combination of model t ank  work and a c t u a l  
f i e l d  experiments .  

* 
T h i s  work suppor ted  by t h e  U.S. Energy Research and Development 
Admin i s t r a t ion .  
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The recording of seismic signals associated with hydraulic frac- 
turing on the surface has been discontinued. The results of the 
January 1976 Wattenberg experiment have been completely analyzed 
and indicated that fracture signals were not being received at the 
surface. The seismic effort has been shifted to a downhole, wall 
clamped seismic system where the planned utilization will be for 
the breakdown phase. Hopefully seismic signals can be created 
daring the breakdown pumping by varying the rates, pressures and 
shut in times to determine close in to the wellbore the fracture 
orientation and height. This should result in some interesting 
information concerning vertical fracture growth into the overlying 
and underlying beds of planned containment. This system will be 
rzady for experimental testing during the following year. 

BACKGROUND 

During September of 1974 Sandia Laboratories joined with El Paso 
Natural Gas on our first fracture mapping experiment in their Pinedale, 
Wyoming lease. Sandia using their in-house instrumentation and data 
collection capabilities applied these to a new measurement area. 
Both the surface seismic recording system and the first electrical 
potential system were deployed for this experiment. These initial 
experiments were followed by a more sophisticated seismic and 
electrical system the following year. These results have been 
reported in reference2. These initial experiments resulted in 
Sandia funding from ERDA for the program entitled "Natural Gas 
Massive Hydraulic Fracture Research and Advanced Technology Project." 
The total number of experiments conducted to date are tabulated in 
Table I. 

The system that was deployed for the seismic recordings was a 
wideband continuous analog recording system. The intent was to 
record at all frequencies where seismic signals could possibly be 
received in the anticipation that the hypocenter location of these 
signals could be determined and that they would be fracture related. 
The wide bandwidth of the system required a tremendous data handling 
capability and software effort to support the data analysis. These 
tasks have been completed and have shown conclusively that fracture 
related signals will not propagate to the surface from hydrofracs 
at 8000 feet. 

The electrical system evolved through several experiments to the 
present day system. The initial experimens where feasibility was 
established required considerable time to take one set of data from 
24 radial locations. The present system utilizes a computer and 
multiplex data so that the complete electrical field can be mapped 
as frequently as every 20 seconds. 
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ELECTRICAL POTENTIAL SYSTEM 

The electrical potential system has evolved over the past three 
years into the system currently in use. A complete system descrip- 
tion including block diagrams and software is given in reference3. 
A brief description of the system will be given here to allow a 
more comprehensive annual status report. The electrical system is 
comprised of three subsystems. These are: 1) the current generator, 
2)  the potential measurement boxes, and 3 )  the data collection sys- 
tem. 

The current generator was designed to provide up to 600 volts 
and 50 amps of current for use in the surface potential measuring 
technique. It has the capability to provide bipolar pulses that 
are controlled in length by either the PDP-11 computer or manually. 
The current generator is completely isolated so that the energy 
source only comes into contact with the earth at the two current 
driving points. Fracture well or downhole current probe in the 
fracture well is used as one of these points with the other being 
a remote well located usually more than a mile from the fracture 
well. The current generator utilizes batteries for the voltage 
source which are automatically recharged between current pulses. 

The potential measurement system is a series of boxes which 
have inputs from two voltage probes. These voltage probes feed an 
isolation amplifier which performs the necessary isolation between 
the power supply lines, data collection lines and the potential 
probes. The output of the isolation amplifiers modulates a voltage 
controlled oscillator which in turn is multiplexed to collect 24 
sets of data simultaneously. 

The data control and collection subsystem utilizes a PDP-11 
computer for collec$ing the data and controlling the current 
generator. Data is collected by demultiplexing the outpus from 
the potential measuring boxes digitizing, averaging and storing 
these on permanent data files for later analysis. Hard copy outputs 
are available for quick look analysis of test results. 

EXPERIMENTAL RESULTS 

Tulsa Mini-Frac 
t 

During November 1976 a shallow fracture was designed and con- 
ducted by AMOCO at a location approximately five miles NE of Tulsa. 
The purpose of this experiment was to allow verification of both the 
Sandia surface electrical potential technique as well as the USGS 
tiltmeter models. The plan called for creating a very shallow 
vertical fracture that could later be verified by drilling from 
the surface. The fracture depth was from 40 to 80 feet and a 
predicted fracture length of 600  feet. A surface potential array 
was installed and collected data during the 5000 gallon fracture. 
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Electr ical  r e s u l t s  i n d i c a t e d  a f r a c t u r e  o r i e n t a t i o n  of E-W w i t h  the  
ma in  f r a c t u r e  l e n g t h  i n  t h e  e a s t e r l y  d i r e c t i o n .  Th i s  o r i e n t a t i o n  
w a s  l a t e r  v e r i f i e d  when AMOCO d r i l l e d  i n t o  t h e  format ion  and i n t e r -  
cep ted  the  f r a c t u r e  i n  t h e  e a s t e r l y  d i r e c t i o n  b u t  d i d  n o t  i n t e r c e p t  
it t o  t h e  w e s t .  The o r i e n t a t i o n  w a s  a l s o  v e r i f i e d  by AbVOCO’s down- 
h o l e  TV camera as w e l l  a s  t h e  USGS t i l tme te r  data .  The s i g n i f i c a n c e  
of  t h i s  experiment  i s  t h a t  it d i d  i n  f a c t  show t h a t  t h e  s u r f a c e  
e lec t r ica l  p o t e n t i a l  t echnique  could n o t  o n l y  d e t e c t  f r a c t u r e  
o r i e n t a t i o n  b u t  a l so  provide  i n s i g h t  i n t o  t h e  asymmetry o f  t h e  
f r a c t u r e .  

N a t u r a l  B u t t e s  # 1 4  

During A p r i l  1 9 7 7  an MHF experiment  was conducted as  p a r t  of a 
j o i n t  industry/ERDA funded program. GPE conducted an  YHF experiment  
on the i r  w e l l  NB # 1 4  l o c a t e d  s o u t h  of Verna l ,  Utah. T h i s  was an o l d  
w e l l  t h a t  w a s  be ing  r e - f r a c t u r e d .  F r a c t u r e  d e s i g n  c a l l e d  for  e i g h t  
s t a g e s  of pad and proppant  s e p a r a t e d  by b a l l i n g  o f f  a f t e r  each s t a g e .  
I n  t h i s  manner h o p e f u l l y  1 5  zones w e r e  t o  be treated.  The s u r f a c e  
electrical  p o t e n t i a l  d a t a  w a s  c o l l e c t e d  on one minute  i n t e r v a l s  
du r ing  t h e  e n t i r e  f r a c t u r e  o p e r a t i o n .  Su r face  p o t e n t i a l  data  
showed a s i g n i f i c a n t l y  d i f f e r e n t  f r a c t u r e  growth t h a n  had been 
expec ted  because of t h e  b a l l i n g  o p e r a t i o n s .  During the  f i r s t  s t a g e  
a p p a r e n t l y  three s e p a r a t e  f r a c t u r e s  w e r e  i n i t i a t e d  and t e rmina ted .  
One a d d i t i o n a l  f r a c t u r e  w a s  created dur ing  t h e  f o u r t h  s t a g e .  
Ev iden t ly  t h e  remaining t i m e  of pumping r e s u l t e d  i n  t h e s e  f r a c t u r e s  
be ing  i n f l a t e d  and r e c e i v i n g  t h e  proppant .  There was no a p p a r e n t  
c o r r e l a t i o n  between f r a c t u r e  growth, f r a c t u r e  t e r m i n a t i o n ,  and t h e  
ba l l  s e a t i n g  on t h e  p e r f o r a t i o n s .  F r a c t u r e  t e r m i n a t i o n  i s  probably 
a s s o c i a t e d  w i t h  fo rma t ion  p r o p e r t i e s  r a t h e r  t h a n  s u r f a c e  c o n d i t i o n s .  
F r a c t u r e  o r i e n t a t i o n  w a s  a l s o  e s t a b l i s h e d  and f r a c t u r e  growth 
d i r e c t i o n  du r ing  each  of t h e  f o u r  s t a g e s  w a s  seen .  By t h e  end of 
t h e  f rac  job, t h e  f r a c t u r e  w a s  approximate ly  symmetric and w a s  
o r i e n t e d  f r o m  NNW t o  SSE. 

T h i s  t y p e  of  d a t a  and i t s  i n t e r p r e t a t i o n s  has  shed a new l i g h t  
on t h e  u s e f u l n e s s  of t h e  s u r f a c e  e lectr ical  p o t e n t i a l  t echnique .  
Th i s  system can a p p a r e n t l y  be used n o t  o n l y  f o r  de te rmining  f r a c t u r e  
o r i e n t a t i o n  b u t  w i l l  a l so  be u s e f u l  as  an a i d  i n  i n t e r p r e t i n g  frac- 
t u r e  growth. 

Conoco 

I n  March 1 9 7 7  an  experiment  w a s  conducted w i t h  Conoco i n  t h e i r  
Big Muddy f i e l d ,  eas t  of Casper ,  Wyoming. Conoco w a s  p l ann ing  an  
enhanced o i l  r ecove ry  p r o j e c t  i n  t h i s  f i e l d  and r e q u i r e d  knowledge 
concern ing  the  f r a c t u r e  o r i e n t a t i o n .  Conoco had i n s t a l l e d  s i x  down- 
h o l e  p r e s s u r e  gages i n  w e l l s  sur rounding  t h e  f r a c t u r e  w e l l  a s  an 
independent  means o f  de te rmining  f r a c t u r e  o r i e n t a t i o n .  Sandia  
i n s t a l l e d  the i r  s u r f a c e  e lectr ical  p o t e n t i a l  data system as  a method 

F-514 



of independently determining fracture orientation. The fracture was 
at an intermediate depth and was to be significantly smaller than 
previous experiments. The well was completed open hole and Conoco 
furnished a downhole current probe. The downhole current probe 
probably enhanced the data for this small frac to the point to 
where it could be interpreted. A Sandia data interpretation was 
a one-sided asymmetrical fracture that was oriented almost due east. 
This was later verified by Conoco in their interpretation of their 
pressure data. Another interesting observation concerning this 
experiment was that the electrical fracture length was created during 
the first few minutes of pumping and the balance of the time the 
fracture length did not significantly grow. This phenomena of 
quick fracture growth could be explained by leak off of the fracture 
fluid into the formation during continued pumping. This growth and 
stop phenomena was also seen on the previous NB #14 experiment. 

Natural Buttes # 2 0  

In June 1977 a second experiment was conducted with GPE near 
Vernal, Utah. This experiment was on their well NB #20 at a 
greater depth than the previous experiment. This fracture design 
called for eight zones to be treated using the limited entry techni- 
que. The surface electrical potential system was installed slightly 
different for this experiment. The inner radials were located at 
1800 feet as before but the outer radial spacing was changed. The 
model shows that an increased outer radial spacing will enhance the 
‘data and because of the deeper fracture it was desired to move the 
outer radials out as far as possible. This was done by selecting 
a voltage common well that was located five miles away and using 
this well as the outer radial for each set of probes. By doing 
this the outer probe was effectively moved to infinity. The data 
was collected every minute during the approximately three hours 
long pumping period. The results indicate that no appreciable 
fracture length was created at any time during the entire pumping. 
The potential changes that were seen at the surface were consider- 
ably less than those seen on the previous experiment.. The only 
conclusion that we can draw is that the fracture propagated 
vertically to a much greater extent than had been designed and 
the horizontal length was much smaller than designed. 

SEISMIC SYSTSMS STATUS 

Surface Recordinas 

Seismic data collected with a surface array of seismometers 
symmetrically located around the AMOCO well during the January 1976 

main analysis tool consisted of a computerized procedure for time 
of arrival locating of seismic hypocenters which was presented in 
a paper for the October 1976 Computer Use By Engineers Symposium in 
Albuquerque, New Mexico .4 

-massive hydraulic fracture have been extensively analyzed. The 
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Basically the procedure involves computing and displaying 
hypocenters via a four dimensional nonlinear optimization utilizing 
time of arrival information obtained from th.e cross-correlation of 
received signals. 

Hypocenter location plots were made for the entire ten hour 
period of the pumping operation. The data were examined in several 
pass bands and both positive and absolute values of correlation 
peaks were utilized in order to find shear signals which might be 
of opposite polarity across the plane of the fracture. 

The result of the analysis was that no clustering of hypo- 
centers could be found which might be related to the fracture. 
Taken over the entire period of the operation the plots were 
random and symmetrical to the well. The one bright spot in the 
result occurred after pumping ceased. The plan view plot showed 
a definite alignment of hypocenters in the N-S direction. Later 
it was discovered that this location overlaid a pipe line which 
we now assume was pumping during the fracturing. While this result 
confirmed the ability of the procedure to plot sources for a linear 
and relatively continuous process it remained that the fracture 
was not located. 

The conclusion draw is that no signals sufficiently above the 
background noise to plot the fracture were generated by the January 
1976 Wattenberg massive hydraulic fracture operation. 

Downhole Seismic Svstem 

A wall clamped, three-axis downhole seismic system has been 
designed and fabricated by Sandia Laboratories for use in the 
natural gas programs. The purpose of this system is to determine 
close in to fracture wellbores the orientation and vertical extent 
of hydraulic fractures. The system is similar to the one developed 

5 by Los  Alamos Scientific Laboratory for their geothermal project. 
If seismic signals can be created during the breakdown phase of 
fracturing operations by controlling pressures, rates and shut ins 
then these signals can be used to map the fracture plan. The 
signals must contain both a P-wave and S-wave arrival so that the 
distance to the seismic event can be determined. The azimuth is 
then determined by the vector orientation of the arrival of the 
P-wave. 
on a single conductor logging cable. Power is sent down the cable 
and the three-axis geophone signals are FM multiplexed and trans- 
mitted up the cable. 
and unclamping the mechanism. Preliminary testing has been com- 
pleted with this unit in a shallow borehole at Albuquerque. Future 
test plans include fracture experiments at two Sandia sites prior 
to the use of the system in a commercial well. 

The electronic system has been designed to allow operation 

Control circuitry is also provided for clamping 
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CONCLUSIONS 

The surface electrical potential system has had the design 
finalized and is now ready for an applications phase where data 
from several experiments can be collected and analyzed. To date 
the system has proven to be much more valuable than its original 
intent. Not only is fracture orienation being detected but also 
fracture asymmetry, fracture growth rates and fracture growth 
periods have also been detected. 
at a wide range of depths, formation and fracture volume treatments. 
During the ensuing year plans are being formulated to test this 
system in several new environments. In conjunction with the 
electrical system the seismic system will be deployed during the 
following year. Hopefully the information obtained from the 
seismic system will help verify the results obtained from the 
electrical system and add new insight into the fracturing height 
parameters. 

The system has been operated 
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Table I.  F r a c t u r e  Experiments 

Systems 
Operat ing Company Date Deployed 

EPNG 9-74 S&E* 

EPNG 

EPNG 

AMOCO 

moco 
AMOCO 

Columbia G a s  

AMOCO 

GPE 

CONOCO 

GPE 

7-75 

10 -75  

11 -75  

12 -75  

1-76  

8-76 

11 -76  

3-77 

3-77 

4-77 

S&E 

S&E 

E 

E 

S&E 

E 

E 

E 

E 

E 

L o c a t i o n  

P ineda le ,  Wyoming 

P ineda le ,  Wyoming 

P ineda le ,  Wyoming 

Wattenberg, Colorado 

Wattenberg, Colorado 

Wattenberg, Colorado 

L i n c o l n  County,  W. VA. 

T u l s a ,  Oklahoma 

V e r n a l ,  Utah 

Casper,  Wyoming 

V e r n a l ,  Utah, 

* 
S - Surface  Seismic System 
E - Electr ical  P o t e n t i a l  System 
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DETERMINATION OF SPATIAL GEOMETRY OF HYDRAULIC FRACTURES 
USING SURFACE TILT MEASUREMENTS: A PROGRESS REPORT 

bY 

M. D. Wood 

US. Geological Survey 
345 Middlefield Road 

Menlo Park, California 94025 

ABSTRACT 

Hydraulic fracture experiments have been monitored with a surface tiltmeter array to deter- 
mine the spatial geometry of a fracture. These experiments range over orders of magnitude 
in depth, design length, pumping time, and volumes of injected material. The gross character 
of signals recorded within the tilt array is adequately explained by a simple model of an 
infinitely long inflated fracture in an isotropic half space. Though the theoretical amplitude 
of the tilt signal is inversely related to the square of the depth, tilt signals have been better 
defined for the deepest experiments in sandstone than for shallower ones in shale. Definition 
therefore appears to be less related to depth or size of treatment than to rock type and local 
structure. When a comparison with other geophysical measurements such as resistivity could 
be made, the recorded signals were similar in quality for those occasions when well-defined 
tilt signals were received or when extremely unusual records were obtained. Because the 
noise sources for deformation and resistivity measurements have little in common, it is 
assumed that failure to record a signal at all sites is related to failure to generate the designed 
fracture. Follow up data from the well have supported this assumption. More recent detailed 
analysis of tilt derivatives and crosscorrelation of tilt with other data such as pressure and 
flow-rate records of the hydrofracture treatment are improving our understanding of the 
growth rate of the fracture and temporal variation of width. Improvements in instrumenta- 
tion and simplification of data analysis may ultimately prove useful for fracture mapping 
research. 

Note: Copies of this report are available from the author. 
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OVERVIEW OF PROGRESS OF THE EASTERN GAS SHALES PROJECT 

by 

William K. Overbey, Jr. 

Energy Research and Development Administration 
Morgantown Energy Research Center, P.O. Box 880 

Morgantown, West Virginia 26505 

ABSTRACT 

The Eastern Gas Shales Project was formally initiated in 1976 by the Energy Research and 
Development Administration (ERDA) as its Morgantown Energy Research Center. The ulti- 
mate objective of the Project is to increase the production of natural gas from the Eastern 
Shale Basins through advanced exploration and extraction techniques. The EGSP expects to 
achieve many goals and the more significant ones are: To add 3.5 to 7.0 trillion cubic feet 
of gas to reserves in the Appalachian Basin; to increase average total gas reserves added per 
well drilled from 300 to  600 million cubic feet; and to increase open-flow production rate 
of new shale wells from 100,000 to 300,000 cubic feet or more of gas per day. The present 
status and a summary of important results are presented. 

Note: Copies of this report are available from the author. 



U.S. GEOLOGICAL SURVEY'S EASTERN DEVONIAN SHALE PROGRAM 

by 

Wallace de Witt, Jr. 

U.S. Geological Survey 
Mail Stop - 955, National Center Building 

Reston, Virginia 22092 

ABSTRACT 

As a part of ERDA-MERC's Eastern Gas Shales Project, the U.S.G.S. is making an eight- 
element Shale Characterization and Resource Appraisal of the Devonian black shales of the 
Appalachian basin. It includes regional stratigraphy, structural analysis, geochemistry of 
source and reservoir rocks, clay mineralogy, conodont paleontology and thermal maturation 
indicies, borehold gravimetry, trace element analyses, and a hydrocarbon resource appraisal. 
Also, the U.S.G.S. has established a data system to store and manipulate information gener- 
ated by cooperators in the EGS Project. 

Prepared for ERDA under Contract No. EX-76-C-01-2287 

Note: Copies of this report are available from the author. 
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INTERNAL SURFACE ARElA AND POROSITY IN EASTERN 
GAS SHALES FROM THE SORPTION OF NITROGEN, 

CARBON DIOXIDE, AND METHANE - A STATUS REPORT 

Josephus Thomas, Jr. and Robert R. Frost 
Illinois State Geological Survey 

Natural Resources Building 
Urbana, Illinois 61801 

ABSTRACT 

The adsorption of N2 at -196OC and of c02 at -77°C on Eastern gas shales 
reveals significant differences in their micropore structures. Owing to 
differences in the activated diffusion of the two gases at their respective 
adsorption temperatures, as studies on molecuolar sieves and coals have shown, 
COZ is able to penetrate pores less than 4-5 A in diameter, whereas Nz is 
unable to do so. One measure of this difference is in the internal surface 
area (ISA) estimated from the BET method. For example, shale samples from a 
Kentucky core, with COZ as the adsorbate, have ISA values ranging from 10 to 
39 m2/g, whereas the ISA values from Nz adsorption on the same Samples range 
from 0.8 to 8.7 m2/g. 
within such an ultramicroporous network will be greatly decreased in compar- 
ison with the diffusion rate from shales containing larger pores. 

The diffusion rate of a gas initially contained 

High-pressure (up to 80 atmospheres) methane adsorption isotherms near 
room temperature are shown for selected shale samples. These isotherms pro- 
vide supplemental information with regard to total porosity and the gas- 
holding capactiy of shales at depth of burial. 

INTRODUCTION 

The Illinois State Geological Survey, in conjunction with the Energy 
Research and Development Administration, is extensively involved in both 
geologic and geochemical studies of the Eastern gas-bearing Devonian shales. 

In the geologic studies, the lithology, stratigraphy, and structure of 
the New Albany Shale Group in Illinois are being analyzed to determine those 
characteristics of lithology, thickness, regional distribution, vertical and 
lateral variability, and deformations most relevant to the occurrence of 
hydrocarbons. Mineralogic and petrographic properties are being character- 
ized in detail. Additionally, index properties, directional properties, and 
strength parameters on oriented core samples are being studied. 

Geochemically, not less than 49 major, minor, and trace elements are to 
be determined on 900 shale samples. The data generated will be used to 

Prepared for the Energy Research and Development Administration, under 
Contract No. E- (40-1) -5203. 
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evaluate (1) the potential economic importance of trace element concentrations 
in organic-rich shales, (2 )  new geochemical exploration techniques for natural 
gas, (3) trace element enrichment in shale organic matter, (4) the occurrence 
of heavy metal sulfides in shale, (5) potential catalytic effects of trace 
elements on shale pyrolysis yields, and (6) potential disposal problems. 

Chemical and physical methods are to be developed for separating organic 
and inorganic phases of shales, and the trace elements associated with the 
various phases are to be determined. The relative distribution of hydro- 
carbons in selected samples will be determined. 

In order to reveal the nature of the pore structure in these shales, 
sorption studies at l o w  temperatures are to be made with nitrogen and carbon 
dioxide as adsorbates. 
at elevated pressures (up to 80 atmospheres). The present paper is a status 
report of the sorption studies. 

Methane adsorption isotherms also are to be studied 

One of the most difficult problems faced in the physical characteriza- 
tion of materials is determining the nature and extent of porosity. Poly- 
crystalline aggregates--which are the rule rather than the exception in 
nature--have much more porosity than is generally recognized. Pore structure 
can be of several types. For example, a substance such as limestone contains 
random-sized closed pores. Montmorillonite contains pores of a special 
shape--those that exist between the laminae of platelet crystal packets. 
Some substances, such as zeolites, coals, and the black gas-bearing shales 
under discussion in this report, contain a partially interconnecting open- 
pore structure, with the smallest pore channels having diameters of molecular 
dimensions (less than 10 A). These ultramicropores are of special signifi- 
cance in that they are large enough to contain appreciable quantities of 
certain gases of small molecular dimensions, such as methane and other hydro- 
carbons having little side branching, yet they are so small that they 
markedly influence the diffusion rates of the contained gases. 

The only experimental approach that provides useful information with 
regard to the porosity associated with these ultramicropores is the use of 
gas adsorption (sorption) methods. Low-angle X-ray scattering and helium 
displacement measure the total porosity only. 
to pores having diameters of about 30 A and larger. 

Mercury intrusion is limited 

1 2 Studies by Breck et al. and Lamond on molecular sieves, and by Walker 
and Geller3 and Anderson et a1.4'5 on coals have established that carbon 
dioxide as an adsorb2te at -77°C is able to penetrate pores having diameters 
less than about 4-5 A, whereas nitrogen, the adsorbate normally used at 
-196°C in the classic BET method6, fails to do so. 
becomes a valuable molecular probe, supplementing N2 adsorption data, for 
estimating that amougt of internal surface area or porosity associated with 
pores less than 4-5 A in diameter. 

Thus, C02 at -77°C 

The use of COz as an adsorb te for this purpose has been reviewed 
recently by Thomas and Damberger . 
which gas adsorption methods are based are inadequate when applied to pores 
of molecular dimensions, the relative adsorption values obtained are repro- 
ducible and useful for correlative purposes. 

9 Even though the various theories upon 
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The use of methane as an adsorbate near room temperature and at 
increased pressures yields isotherms from which the gas-holding capacity 
of a given shale sample can be estimated at its initial depth of burial. 

EXPERIMENTAL PROCEDURES 

Data for internal surface area (ISA) measurements with N2 and COz as 
adsorbates at -196°C and -77"C, respectively, were obtained by a dynamic- 
sortion method. This method is commonly called the gas chromatographic 
method, as the principles involved in the measurements are similar to those 
used in gas chromato raphy. Apparatus is basically that first described by 
Nelsen and Eggertsen' and later refined by Daeschner and Stross9. 

For the high-pressure (1 to 80 atmospheres) methane adsorption isotherms, 
apparatus similar to that described by Dubinin et a1.I' was constructed with 
slight modifications for improved readout of pressure. 

Shale samples were crushed and screened. The 40- x 120-mesh (about 425 
to 125 1Jm) sieve fractions were used for the internal surface area measure- 
ments with Nz and COz as adsorbates. The 6- x 12-mesh (about 3.4 to 1.7 mm) 
sieve fractions were used for the high-pressure methane adsorption isotherms. 

For the ISA determinations, shale samples of 0.5 to 1.0 g are outgassed 
at 110°C in a stream of helium for 3 hr. 
with NZ as the adsorbate at -196OC. 
suitable for each point. For C02 as the adsorbate, however, an equilibrium 
time of 16 hr is necessary, owing to the slow activated diffusion. A single- 
point BET plot passing through the origin is used as a measure of the ISA. 

Three-point BET plots are used 
An equilibrium time of 10 min was 

For the high-pressure methane adsorption isotherms, approximately 5.5 g 
of sample are weighed into a high-pressure cell, and outgassing is conducted 
under vacuum until a pressure of less than lO-'mm is attained. 
space is determined with helium. Known increments of methane are transferred 
to the cell, and pressure differences are determined at constant tempera- 
ture as a measure of the uptake of methane by the sample. 

The dead 

At the present time samples from only two cores have been studied. The 
more recent core is designated Orbit Gas #1 Clark Well from Christian County, 
Kentucky (near Crofton). The older core (1939) is designated Miller #1 
Sample from Sangamon County, Illinois (near Mechanicsburg). 

RESULTS AND DISCUSSION 

A surface area value for a shale sample, either from C02 or Nz adsorption 
data, will depend to some extent upon the composition of the sample (clay 
minerals ratio; presence of silica, carbonates, etc.) and the crystallite 
sizes of the components. Accordingly, too much significance should not be 
attached at this time to the ISA values shown within either the third or 
fourth columns of Tables 1 and 2. The most revealing values are the ISA 
ratios shown in the last column of each table. 

When thisoratio is large, the sample contains a large proportion of pores 
less than 4-5 A in diameter. COz penetrates these pores at -77°C whereas N2 
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at -196OC does not. When the ratio is large, the sample has a more compact 
structure with regard to porosity. such a sample, if it contains gas, will 
release that gas with great difficulty. That is, the diffusion rate will 
be low. 

On the other hand, if the ratio is small, it is readily ascertained from 
the data that N, at the temperature of liquid nitrogen (-196OC) reaches most 
of the ISA that is reache! by CO, at -77OC. 
with pores less than 4-5 A in diameter. Thus, with a mean pore diameter some- 
what larger in such samples, the diffusion rate of methane will be increased. 

Very little porosity is associated 

For the most part, the ISA ratios for the shale samples from the Kentucky 
core (Table 1) are appreciably larger than those from the Illinois core (Table 
2 ) .  Samples from the Kentucky core are darker than those from Illinois, 
indicating that there is more organic matter in the former core. The increased 
organic matter no doubt contributes to the high C02 ISA values relative to the 
Nz ISA values in the Kentucky samples as the organic matter helps to fill the 
pore space, thereby decreasing the diameters of pore entrances and channels. 
The darker samples (16L1 and 17L1) from the Illinois core also give the great- 
est ISA ratios among the samples from this particular core. 

Evidence of this partial pore filling by organic material is provided by 
outgassing experiments at elevated temperatures. Two additional samples of 
OlCl from the Kentucky core, for example, were outgassed under helium at 
23OoC and 34OoC, respectively. The data are summarized in Table 3 .  

It is seen that although the surface area from C02 adsorption does not 
change markedly, the surface area from Nz adsorption increases about four- 
fold after an outgassing temperature of 34OoC. 
sharply. This indicates that organic material which is held tenaciously in 
the pores at llO°C, and even at 23OoC, migrates from the pores at the highest 
temperature, making more of the internal surface available for Nz adsorption. 

The weight loss also increases 

As was mentioned earlier, the ISA measurements with COz and NZ as 
adsorbates are relative measurements which provide some idea of the "tightness" 
of the shale structure that governs the rate of release of the gas contained 
within the smallest pores. These measurements do not provide information, 
however, on the possible gas holding capactiy of a given shale at its depth 
of burial. The gas-holding capacity of the shale will be governed by 
relatively large pores, if present in the shale, which do not contribute 
significantly to the ISA values. The high-pressure methane adsorption iso- 
therms provide valuable supplemental information. 

Three samples were selected from the Kentucky core for evaluation. 
These samples, based on high, low, and intermediate ISA ratios, were 01Clr 
06C1, and 03C1. Plots of the high-pressure methane adsorption data for the 
three samples are shown in Fig. 1. 

The sample (06C1) giving the lowest (1.67) ISA ratio is capable of 
holding much more methane at depth than is the sample (01C1) giving the 
greatest (26.2) ISA ratio. The mean pore size in the former Sample is 
larger. 
for sample 06C1, and 1.5 m2/g for sample 01C1). 
of sample 03'21 is the poorest of the three samples. It also has the lowest 
(1.26 mZ/g) nitrogen ISA value. 

This is clear from a comparison of the nitrogen ISA values (8.7 m2/g 
The gas-holding capacity 
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One cubic centimeter of gas adsorbed (at STP) per gram of shale is 
equivalent to 32.1 ft3 of gas per ton of shale. 
thumb" that every foot of depth of burial in sediments increases the pressure 
1 psi", then the pressure at 2200 ft is $2200 psi ($150 atmospheres). 
Extrapolation of the data in Fig. 1 to 150 atmospheres indicates that the 
gas-holding capacity of sample 06C1 is approximately 6 cm3/g, or close to 
200 ft3/ton shale, whereas the gas-holding capacity of sample OlCl is about 
one-third as great. 

If one uses the "rule of 

Sufficient data have not yet been generated to permit additional inter- 
pretation. 
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TABLE 1 - INTERNAL SURFACE AREA VALUES FOR SHALE SAMPLES 
FROM CHRISTIAN COUNTY, KENTUCKY (CORE 01KY) 

F e e t  Depth 
Sample t o  Top ISA, m2/g ISA, m2/g ISA, 

N o .  of Sample coz N z  C 0 2 / N 2  

O l C l  2182.25 3 9 . 3  1 . 5 0  26 .2  
0 2 c 1  2191.15 27 .0  1 . 3 3  20 .4  
03C1 2220.30 20 .4  1 . 2 6  16 .2  
04C1 2230.20 1 3 . 8  5 .00  2 . 8  
05C1 2240.10  1 3 . 8  1 . 0 4  1 3 . 2  
06C1 2250.00 1 4 . 5  8 . 7 1  1 .67  
07C1 2260.30 31 .3  1 . 5 2  20 .6  
08C 1 2270.30 11.8 1 . 4 3  8 . 5  
09C1 2280.00 11.1 1 . 0 5  1 0 . 6  
l 0 C l  2290.75 14 .7  1 . 0 8  1 3 . 6  
l l C l  2299.75 12 .7  0 .92  1 3 . 8  
1 2 c 1  2310.50 10 .0  1 .04  9 . 6  
13C1 2318.80  1 4 . 3  0 .82  1 7 . 4  

TABLE 2 - INTERNAL SURFACE AREA VALUES FOR SHALE SAMPLES 
FROM SANGAMON COUNTY, ILLINOIS (CORE 01IL)  

Sample 
N o .  

01L2 
03L1 
04L1 
05L1 
07L1 
09L1 
09L2 
l 0 L l  
l l L l  
12L1 
13L1 
14L1 
15L1 
16L1 
17L1 
18L1 
19L1 
20L1 
21L1 

F e e t  Depth 

of Sample 
t o  Top 

1576  
1589 .4  
1602 .0  
1 6 1 5 . 1  
1631.6  
1647.4  
1656.2  
1657 .6  
1667.5  
1678 .6  
1688.0  
1698.2  
1710 .0  
1723.4  
1730 .6  
1740.2 
1753 .5  
1763 .3  
1776.2  

ISA, m 2 / g  
con 

27.3  
1 2 . 7  
11.8 
1 6 . 6  
1 0 . 1  
22 .8  
23 .3  
1 6 . 4  
30 .2  
30 .8  
31 .2  
3 1 . 5  
34 .4  
34 .0  
25 .9  
20 .5  
2 5 . 1  
1 9 . 3  
22 .6  

ISA , m 2 / g  
N 2  

27 .4  
1 2 . 1  
11.8 
1 7 . 8  

8 . 4  
23 .5  
23.4 
1 2 . 6  
20.3 
25.7 
25.7 
1 9 . 0  
11.8 

8 . 3  
5 . 5  
6 . 0  
6 .2  

1 1 . 5  
1 1 . 5  

ISA , 
C 0 2 / N 2  

'11.0 
'11.0 
'11.0 

0 .93  
1 . 2  

'Ll. 0 
$1.0 

1 . 3  
1 . 5  
1 . 2  
1 . 2  
1 .7  
2 .9  
4 . 1  
4 .7  
3.4 
4 . 1  
1 . 7  

'12.0 

TABLE 3 - INTERNAL SURFACE AREA VALUES AFTER 
DIFFERENT OUTGASSING TEMPERATURES 

Sample O l C l  

O u t g a s s e d  3 h o u r s  ISA, m2/g ISA, m 2 / g  ISA, Weight 
("C) co 2 N 2  C02/N2 LOSS, % 

110 39 .3  1 .50  26.2 '11.0 
230 44 .3  1 . 5 7  28.2 '12.0 
340 35.8 6 .46  5 . 5  '16.0 
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CHARACTERIZATION AND ANALYSIS OF DEVONIAN SHALES 
AS RELATED TO RELEASE OF GASEOUS HYDROCARBONS 

M. Jack Snyder, R. S. Kalyoncu, R. W. Coutant, M. P., 
Rausch, J. S. Ogden, and D. T. Hooie 

Battelle Colurnbus Laboratories 
505 King Avenue 

Columbus, Ohio 43201 

ABSTRACT 

As part of the Resource Inventory and Shale Characterization 
subprojects of ERDA's Eastern Gas Shales Project, Battelle's Columbus 
Laboratories is conducting a program to determine the relationships between 
shale characteristics, hydrocarbon gas content, and well location. Ultimately 
about 1000 core samples of gas bearing Devonian shales will be selected and 
sealed in special containers to preserve their approximate "down-hole" 
condition, and the gas-release characteristics and various chemical, physical, 
and lithologic characteristics will be determined. 

Partial data have now been collected on about 150 samples from 8 
different wells in both the Appalachian and Illinois basins. Initial findings 
and possible implications of  them are discussed. 

INTRODUCTION 

This programwas initiated in July 1976 as a part of ERDA's Eastern 
Gas Shales Project (EGSP). The objective of the program is to determine the 
relationships between shale characteristics, hydrocarbon gas content, and 
well location to provide a sound basis for defining the productive capacity 
of the Eastern Devonian shale deposits and for guiding research, development, 
and demonstration projects to enhance the recovery of natural gas from the 
shale deposits. 
part of the Resource Inventory and Shale Characterization subprojects and is 
designed to provide large quantities of support data for the EGSP. 

The program includes a number of  elemental tasks as a 

Prepared for ERDA under Contract No. E(40-11-5205 
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Approximately 1000 core samples of gas bearing Eastern Devonian 
shale will be examined in the program. After the characterization data 
for individual wells have been compiled, a regression-type analysis for 
pattern recognition will be performed to establish the interrelationship 
between the shale characteristics, the hydrocarbon gas content, and well 
locations from which the samples were obtained. 

The work involves six tasks: core sampling, gas content and gas 
release kinetics, chemical characterization of the shale, physical 
characterization of shale, lithology of shale, and data interpretation and 
correlation. 

The project was initiated in July 1976 and active laboratory work 
was started in Septen:ber 1976. Approximat.ely 350 core samples have now been 
selected and encapsulated from 9 wells, 5 in the Appalachian Basin and 4 in 
the Illinois Basin. Partial data 
are now available on 150 samples from 8 of the wells and some patterns and 
relationships are becoming apparent. In this progress report, emphasis will 
be on the relationships among the initial gas release data, well location, 
and some of the observed characteristics of the shale. 

The well locations are given in Table 1. 

Core Sampling and Encapsulation 

Core sampling for the EGSP is done by a team, under the supervision 
of the West Virginia Geological Survey, including in addition to the 
supervising geologist, representatives from the appropriate State Geological 
Survey, from the producing company, and from Battelle's Columbus Laboratories. 
After the core has been retrieved, reassembled, oriented, marked, and described, 
samples are taken by the Battelle representative for use in experiments and 
characterizations being conducted at Battelle, Mound Laboratories, and Juniata 
College. The standard sampling sequence involves the collection of core samples 
at 10-foot intervals for Battelle, at 30-foot intervals for Mound Laboratories, 
and at 50-foot intervals for Juniata College. 

The selected samples are placed in fruit juice cans and lids are applied 
and sealed with a canning machine for subsequent transport to the various 
laboratories. 

Analytical Procedures for Initial 
Gas Release 

The canned core samples are logged in and normally are stored for a 
minimum period of 3 weeks after canning to allow them to come to equilibrium. 
Some of the sealed cans bulge and distort during this equilibrium period. 
of the core sections from the recent well in Wise County, Virginia exhibited 
considerable outgassing during the initial examination prior to canning and 
many of the cans bulged noticeably within a few hours after sealing. Because 
of the rapid and excessive bulging, the cans were checked for possible leaks 

Many 
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approximately two weeks after canning. Leaks were detected in 16 out of 72  
samples checked. Gas analyses were made on these and other bulged, but not 
leaking, cans as quickly thereafter as possible. Subsequent checks on 
sealed cans from earlier wells that had not yet been analyzed revealed that 
some of them also were leaking and, as will be discussed later, the gas 
composition data suggest that some of the other cans probably had leaked 
before the analyses were made. 
future wells and procedures are being planned for monitoring the release of 
gas from the time the sample is canned. 

Sturdier sample cans are being secured for 

The canned samples after the standard equilibrium period are tapped 
using the can sampling device shown in an exploded-view in Figure 1. The 
can sampler is evacuated after it is clamped to the can and the metal punch 
is then driven through the can top, thereby connecting the gauge and sampling 
volume to the free space surrounding the shale samples within the can. Two 
gauges are used for pressures within the cans; an Ultec gauge for pressures 
less than 1500 torr and an Ashcroft gauge for pressures up to 60 psig. The 
observed can pressure is reported in torr (mm Hg). 
gas sample to be withdrawn from the sampler and entered into a 1 cc constant 
temperature sample loop. A solenoid valve controls the injection of samples 
into the chromatograph. 

A valving system allows a 

An Aerograph 1520B gas chromatograph is used for species identi- 
fication. Thermal conductivity detection is employed. The carrier gas is 
helium at 50 psig. 
CTR is essentially a column within a column--a molecular sieve surrounds a 
Porapak mix. With this column it is possible to separate 0 , N 2 ,  C02, and 
light hydrocarbons (through C6). 
Packard 3380A integrator and species are identified by their retention times. 
A standard gas mixture was prepared and includes all major species found in 
shale cans to date. The standard consists of (v/o): 

An Altech CTR column separates the gaseous species; the 

The detector signal is fe3 to a Hewlett 

2 9 . 5 1  CH4 51.11 N2 
O2 

c02 

‘2*6 3 .76  

5.61 C3H8 

8.50 

1 . 5 2  

The standard is run daily; shale gas concentrations are determined by the 
external standard method. Butanes and pentanes, when present, are calculated 
from their specific response factors. 
for this particular experimental set up. 
percent. 

These have been previously determined 
All values are reported in volume 

In addition to the routine off-gas analysis performed for each 
as-received shale can, random samples are selected for additional gas analysis. 
An Aerograph 2800 gas chromatograph is used. 
employed and species are separated with capillary columns. The 2800 has been 
calibrated for identification of over 100 hydrocarbons and detects species in 
ppb concentrations. To date, traces of: propylene, 2-methyl-pentaneY 2-methyl 
2-butene have been identified; however, the major species remain as reported: 
C02, Q2, N2, methane, ethane, propane, butanes and pentanes. 

Flame ionization detection is 
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A f t e r  t h e  i n i t i a l  gas ana lyses  are  completed, t h e  can i s  opened, 
t h e  s h a l e  sample i s  removed, weighed, photographed and descr ibed ,  and 
samples are taken f o r  t h e  va r ious  c h a r a c t e r i z a t i o n s  and ana lyses  t h a t  are t o  
be  made. 
measured bulk  d e n s i t y  and t h e  f r e e  gas space i n  t h e  can i s  c a l c u l a t e d  by 
d i f f e r e n c e  from t h e  known volume of t h e  can. The d a t a  from t h e  gas ana lyses ,  
from t h e  va r ious  c h a r a c t e r i z a t i o n s  and chemical and l i t h o l o g i c a l  ana lyses  of 
t h e  s h a l e  samples, and d i g i t i z e d  d a t a  from w e l l  l ogs  are keypunched onto  
computer ca rds  f o r  subsequent c a l c u l a t i o n s ,  s t a t i s t i c a l  ana lyses ,  and compar- 
i sons .  Table 2 is an  example of a computer pr in t -out  of t h e  i n i t i a l  gas  
release d a t a  from one of t h e  w e l l s .  F igures  2 and 3 are examples of computer- 
generated p l o t s  of gas  a n a l y s i s  d a t a  versus depth of t h e  sample f o r  t h a t  w e l l  
and f o r  another  w e l l .  

The bulk  volume of t h e  s h a l e  i s  subsequent ly  c a l c u l a t e d  from t h e  

Gas Content of Shale  and I n i t i a l  Release of G a s  

A s  is  ev ident  from t h e  d a t a  i n  Table 2 and t h e  p l o t  of p a r t  of 
t h a t  d a t a  i n  Figure 2 ,  t h e  gas conten t  and t h e  composition of t h e  gas 
r e l eased  from canned s h a l e  samples from W e l l  P-1 varies s u b s t a n t i a l l y  and 
apparent ly  randomly wi th  depth.  A comparison of F igures  2 and 3 r e v e a l s  t h a t  
t h e r e  are s u b s t a n t i a l  d i f f e r e n c e s  between w e l l s  i n  t h e  gas conten t  p e r  u n i t  
volume of  sha le .  For Well C-2 (Figure 3), t h e  u n i t  gas conten t  ranges mostly 
between about 0 .1  and 0.5 cu f t  per  cu f t  of s h a l e ,  w i th  a genera l  t rend  of 
i nc reas ing  gas  conten t  wi th  inc reas ing  depth.  For W e l l  P-1 (Figure 21 ,  on 
t h e  o t h e r  hand, t h e  u n i t  gas conten t  is  much g r e a t e r  and genera l ly  f a l l s  
between 1 and 3 cu f t  per  cu f t  of s h a l e  and t h e r e  does not  appear t o  be any 
genera l  t r end  wi th  r e spec t  t o  depth.  

The composition of t h e  gas a l s o  varies s u b s t a n t i a l l y  wi th  depth and 
between w e l l s .  
t h e  t o t a l  hydrocarbon gas r e l eased )  ve r sus  depth f o r  Well P-1 and Figure  5 i s  
a s i m i l a r  p l o t  f o r  W e l l  C-2.  Again, f o r  W e l l  C-2 a gene ra l  t rend  wi th  depth 
i s  ev ident  whereas f o r  Well P-1, t h e r e  is no c l e a r  t r end .  For C-2, t h e  
r e l a t i v e  methane percentage gene ra l ly  decreases  wi th  depth and ranges between 
about 60 and 80 percent .  For P-1, t h e  methane conten t  (with t h e  except ion of 
t h e  sha l lowes t  sample),  ranges between about 85 and 95 percent  i r r e s p e c t i v e  of 
t h e  depth.  

Figure 4 is  a p l o t  of t h e  methane conten t  (as percentage of 

These two w e l l s  w e r e  s e l e c t e d  as examples i l l u s t r a t i v e  of t h e  k inds  
of d i f f e r e n c e s  observed i n i t i a l l y  between t h e  Appalachian and I l l i n o i s  Basin 
w e l l s .  
of t h e  r e l eased  gas f o r  t h e s e  two w e l l s  are remarkably d i f f e r e n t  (Figures  6 and 
7 ) .  For t h e  Appalachian Well (C-2, F igure  7) ,  t h e  methane conten t  c l e a r l y  i s  
an  inve r se  func t ion  of t o t a l  hydrocarbon gas .  For t h e  I l l i n o i s  Well (P-1, Figure 
6 ) ,  t h e  methane conten t  i s  e i t h e r  independent of t o t a l  hydrocarbon o r  is  a d i r e c t  
func t ion  of i t .  Gas release d a t a  from t h r e e  a d d i t i o n a l  Appalachian Wells and 
two a d d i t i o n a l  I l l i n o i s  Basin Wells showed t h e  same d i r e c t  r e l a t i o n s h i p  between 
methane and t o t a l  hydrocarbon f o r  I l l i n o i s  Basin Wells and t h e  same inve r se  
r e l a t i o n s h i p  f o r  Appalachian Wells (except f o r  a few i s o l a t e d  samples).  

P l o t s  of re la t ive methane conten t  ve r sus  t h e  t o t a l  hydrocarbon content  

However, 



t h e  gas release d a t a  from t h e  most recent  Appalachian Basin Well (C-338) f i t  
t h e  I l l i n o i s  Basis p a t t e r n  both i n  gas composition ( i . e . ,  h igh  methane conten t )  
and amount of gas  r e l eased ,  between 1 and 3 cu f t  per  cu f t  of s h a l e .  The 
clear d i s t i n c t i o n s  seen between Appalachian Basin Wells and I l l i n o i s  Basin 
Wells are b lu r red  somewhat by t h e s e  new d a t a  and p l o t s  of methane conten t  
versus  t o t a l  hydrocarbon t h a t  i nco rpora t e  a l l  of t h e  a v a i l a b l e  d a t a  do no t  show 
an obvious r e l a t i o n s h i p  f o r  Appalachian Basin Wells (Figure 8) al though t h e  
d i r e c t  r e l a t i o n s h i p  s t i l l  appears  t o  hold f o r  I l l i n o i s  Basin Wells (Figure 9 ) .  

The most important conclusion t o  be drawn from t h e  gas release d a t a  
so f a r  i s  t h a t  each w e l l  i s  unique and t h a t  g e n e r a l i z a t i o n s  about r e l a t i o n s h i p s  
observed f o r  one w e l l  o r  f o r  w e l l s  w i t h i n  a given area may not  be  v a l i d  f o r  
o the r  w e l l s  o r  o t h e r  areas. 
resources  of t h e  Devonian s h a l e s  r e q u i r e s  d a t a  from many w e l l s  throughout t h e  
e n t i r e  depos i t s .  

A c o r o l l a r y  i s  t h a t  a v a l i d  assessment of t h e  gas 

A f u r t h e r  complicat ing f a c t o r  i n  a t tempt ing  t o  assess t h e  gas resources  
of t h e  Devonian s h a l e s  from gas a n a l y s i s  d a t a  on canned samples i s  t h e  f a c t  
t h a t  some of t h e  cans have leaked unknown amounts of hydrocarbon gas .  
i nd ica t ed  earlier,  l eak ing  w a s  de tec ted  i n  a s u b s t a n t i a l  number of canned samples 
from one of t h e  w e l l s  w i th in  two weeks a f t e r  canning and checks on o the r  cans 
have shown some of them t o  be l eak ing  months a f t e r  canning. An examination of 
t h e  gas a n a l y s i s  d a t a  on o t h e r  samples sugges ts  t h a t  many of t h e  cans may have 
leaked between t h e  t i m e  they were sea l ed  and t h e  t i m e  t h a t  they  w e r e  tapped f o r  
a n a l y s i s .  
hydrocarbon conten t  i n  t h e  f r e e  space t o  be  90.4 percent  and t h e  n i t rogen  conten t  
t o  be  8.56 percent .  I f  w e  assume t h a t  t h e  f r e e  space contained only a i r  a t  t h e  
t i m e  of canning ( i . e . ,  t h e  gas composition w a s  e s s e n t i a l l y  80 percent  n i t r o g e n  
and 20 percent  oxygen) and the  p re s su re  a t  t h e  t i m e  of s e a l i n g  w a s  c l o s e  t o  one 
atmosphere (760 t o r r ) ,  t h e  p re s su re  a t  t h e  t i m e  of tapping should have been 
about 7100 t o r r .  The measured p res su re  w a s  740 t o r r ,  about an o rde r  of magnitude 
low, sugges t ing  t h a t  apprec iab le  leakage had occurred o r  t h a t  t h e  sample w a s  
ou tgass ing  s u f f i c i e n t l y  dur ing  t h e  t i m e  it w a s  being canned t o  d i s p l a c e  most of 
t h e  a i r  i n  t h e  f r e e  space be fo re  i t  w a s  sea led .  I n  e i t h e r  case ,  a c a l c u l a t i o n  
of t h e  gas conten t  per  u n i t  volume of s h a l e  based on t h e  observed p res su re  and 
gas composition a t  t h e  t i m e  of tapping,  underest imates  t h e  gas  conten t  i n  t h e  
s h a l e  i n - s i t u  by an  unknown amount, perhaps as much as a f a c t o r  of 10.  Thus, 
e x t r a p o l a t i o n  of cu r ren t  gas  a n a l y s i s  d a t a  t o  produce estimates of t h e  gas 
recoverable  from t h e  Devonian s h a l e s  r e s u l t  i n  very  shaky numbers a t  b e s t .  
t h a t  are being taken t o  e l imina te  leakage and t o  monitor gas  composition and gas 
release from t h e  t i m e  of canning w i l l  decrease  t h e  unce r t a in ty  i n  t h e  f u t u r e  and 
w i l l  provide more r e l i a b l e  information on t h e  areal  and depth v a r i a t i o n s  i n  t h e  
gas  conten t  of t h e  sha le .  

A s  

For example, t h e  gas a n a l y s i s  r e s u l t s  f o r  one sample showed t h e  t o t a l  

S teps  

Shale  C h a r a c t e r i s t i c s  

Af t e r  t h e  i n i t i a l  gas content  has  been determined, t h e  s h a l e  samples 
are examined and cha rac t e r i zed  i n  a v a r i e t y  of ways. 
accumulated now from some of t h e s e  examinations and c h a r a c t e r i z a t i o n s  on f i v e  
of t h e  w e l l s  f o r  some p a t t e r n s  and r e l a t i o n s h i p s  among i n i t i a l  gas conten t  and 
s h a l e  c h a r a c t e r i s t i c s  t o  be d i s c e r n i b l e .  So f a r  t h e r e  appears  t o  be a gene ra l  

S u f f i c i e n t  d a t a  have been 
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i n v e r s e  r e l a t i o n s h i p  between i n i t i a l  gas content  and the  bulk d e n s i t y  of t h e  
s h a l e .  
gas conten t  and t o t a l  carbon conten t  i s  observed. 

A less f i rm,  bu t  s t i l l  gene ra l ,  d i r e c t  r e l a t i o n s h i p  between i n i t i a l  

Su rp r i s ing ly ,  t h e r e  seems t o  be no s i m p l e  r e l a t i o n s h i p  between bulk  
dens i ty  and po ros i ty .  Although one would expect t h a t  low bulk  d e n s i t y  
would be accompanied by h igh  p o r o s i t y  ( thus ,  account ing f o r  h igher  i n i t i a l  
gas con ten t ) ,  t h i s  is not  always t h e  case.  Likewise, one would expect  high 
open p o r o s i t y  t o  be accompanied by h igh  s u r f a c e  area, whereas t h e  reverse 
seems t o  be  more common. Thus, i n  s p i t e  of t h e  good c o r r e l a t i o n  between 
bulk d e n s i t y  and i n i t i a l  gas con ten t ,  t h e r e  appears  t o  be no c o r r e l a t i o n  
between i n i t i a l  gas content  and p o r o s i t y  o r  su r f ace  area. 

It should be pointed out  t h a t  t h e  observed r e l a t i o n s h i p s  (o r  l a c k  
of them) between gas conten t  and s h a l e  c h a r a c t e r i s t i c s  are based on a 
r e l a t i v e l y  s m a l l  number of samples from t h e  f i r s t  f i v e  w e l l s  sampled and may 
be p e c u l i a r  t o  these  w e l l s .  A s  a d d i t i o n a l  d a t a  are  gathered some of t h e  
puzzl ing a spec t s  may be c l a r i f i e d .  

Future  Work 

The cor ing  and sampling of a d d i t i o n a l  w e l l s  throughout t h e  Eas te rn  
Devonian s h a l e s  i s  cont inuing  and d a t a  are now being gathered a t  a ra te  of 
about 25 samples per  month. A s  more experience is  gained and a d d i t i o n a l  d a t a  
are accumulated, t h e  l e v e l  of unce r t a in ty  w i l l  decrease  and more r e l i a b l e  and, 
hopefu l ly ,  more meaningful conclusions about t h e  gas conten t  and t h e  r e l a t i o n -  
s h i p s  among gas release c h a r a c t e r i s t i c s ,  s h a l e  c h a r a c t e r i s t i c s ,  and w e l l  
l o c a t i o n  w i l l  emerge. 

TABLE 1. IDENTIFICATION OF CORED WELLS AND SAMPLES SELECTED 

Well Code Date Core Depth I n t e r v a l ,  Number of 
Number L o c a t i o n  o f  Well Well  O p e r a t o r  Sampled F e e t  Samples  

c- 1 L i n c o l n  Coun ty ,  WV Columbia Gas Jan .  1976 

c-2 L i n c o l n  County,  W V  Columbia Gas J a n .  1976 

R-109 Washington County,  OH R i v e r  Gas J u l .  30 ,  1976 

P- 1 S u l l i v a n  Coun ty ,  I N  Energy Resources  o f  S e p t .  1, 1976 
I n d i a n a ,  I n c .  

0- 1 C h r i s t i a n  County,  KY O r b i t  Gas S e p t .  18, 1976 

C-336 M a r t i n  County,  KY Columbia Gas Nov. 6 ,  1976 

T- 1 Eff ingham Coun ty ,  IL  T r i - S t a r  Feb. 13-18, 1977 

2746 - 4045 8 2  

2655 - 3971 17 

3494 - 3705 25 

2495 - 2595 I l ( a )  

2183 - 2319 13(b)  

2434 - 3405 117") 

3006 - 3106 

( a )  An a d d i t i o n a l  6 samples  were  s e l e c t e d  and e n c a p s u l a t e d  €or o t h e r  ERDA c o n t r a c t o r s .  

( b )  An a d d i t i o n a l  4 samples  were s e l e c t e d  and e n c a p s u l a t e d  f o r  o t h e r  ERDA c o n t r a c t o r s .  

( c )  An a d d i t i o n a l  90  samples  were  s e l e c t e d  and e n c a p s u l a t e d  f o r  o t h e r  ERDA c o n t r a c t o r s .  

( d )  An a d d i t i o n a l  16 samples  were s e l e c t e d  and e n c a p s u l a t e d  f o r  o t h e r  ERDA c o n t r a c t o r s .  
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CHARACTERIZATION OF THE DEVONIAN SHALES 
IN THE APPALACHIAN AND ILLINOIS BASINS 

Ronald E. Zielinski 
Monsanto Research Corporation 

Mound Laboratory* 
Miamisburg, Ohio 45342 

ABSTRACT 

The characterization of the nature of the Devonian Shales in 
the Appalachian Basin is being addressed by several geochemical and 
geophysical methods. 

The outgassing characteristics of the shale are being investi- 
An extensive gated using gas chromatography and mass spectrometry. 

geochemical characterization of the samples is also being performed. 

Mechanical testing and mass spectrometry have been integrated 
to provide some insight into the mechanical properties of the shale 
and gas released from the shale as a function of newly exposed sur- 
face area. Mechanical tests are also being performed in an attempt 
to determine the effects of moisture on the mechanical properties 
of the shale. 

Dilatometry is being used to study the swelling characteristics 
of the shale samples as a function of exposure to water and other 
fracturing fluids. 

Several other methods of investigation also are serving to 
characterize the Devonian Shales and their fuel resources. 

~~ ~ * Mound Laboratory is operated for the U. S .  Energy Research and 
Development Administration by Monsanto Research Corporation 
(Contract No. EY-76-C-04-0053) . 
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INTRODUCTION 

The gas resources of the Devonian Shale of the Eastern United 
States must be considered a viable energy resource. A conservative 
working estimate indicates that there are approximately 2 4 0 0  tcf 
of gas in just the Appalachian Basin. If only ten percent of that 
gas is recovered, enough gas should be available to satisfy our 
national needs for approximately ten years. 

The Eastern Gas Shale Project has as its long-range objectives 
an orderly accumulation of a data bank for accurately assessing 
and characterizing the resource and Pravision for an econWical 
and efficient production of gas. Mound Laboratory is assisting in 
the determination of the resource inventory and is cooperating in 
the studies designed to determine the geological, geophysical, and 
geochemical properties of the shale. 

PROGRAM OVERVIEW 

The initial objective of our investigation is to analyze 
various core samples using standard geochemical techniques and 
newer methods of analysis. This investigation should aid in 
arriving at an accurate resource assessment. The results of the 
investigation should define the relationships between the structure, 
the chemistry, the fuel content, and the mechanical behavior of the 
shales from various regions in the Appalachian, Illinois, and 
Michigan basins. The study will also supply a sufficient amount of 
data to a statistical base that will serve not only to key resource 
assessment to secondary indicators but will also provide a valid 
base for evaluating the efficiency and accuracy of the new methods 
of analysis. 

Other segments of the program will address the permeation of 
the gas through the reservoir rock, and the effects of fracturing 
fluids on the mechanical and permeation properties of the shale. 

Radionuclides present in the shale will also be assessed. 

HYDROCARBON EVALUATION 

To fully characterize the Devonian Shale deposits and to 
improve the ability to recover the hydrocarbons from the deposits, 
several important parameters must be identified. These include 
the relative hydrocarbon abundances, the total amount of organic 
matter present, the predominant type, and the time-temperature 
(maturity) history experienced by the organic matter. 
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Curreptly, samples of the shale core are collected at the 
well site. These samples are analyzed in the laboratory for 
methane content, wet gas (C,-C,) concentration, .gasoline-range 
hydrocarbons (C4-C,), kerosene-range hydrocarbons (C8-14), and 
the CIS+ hydrocarbons. In addition to these analyses, organic 
carbon determinations, visual kerogen isolations, and vitrinite 
reflectance determinations are also made. These data are then 
integrated to describe the richness, type, and thermal maturity 
of the source rock. The richness of the source rock is the total 
organic carbon content of the rock. This would include the in- 
soluble organic material (kerogen) and the soluble (bitumen) matter. 
The type of organic source can be expressed as wet gas (high 
C2-C4) concentrations, oil, gas, or condensate precursor. The 
thermal maturity reflects the temperature history to which the 
organic matter has been subjected and indicates the nature of the 
hydrocarbons which will be available in reservoir traps in an 
area. 

The C1-C4 hydrocarbons are determined in a two-step process. 
Initially, the sealed can is gas tapped, and the amount of gas 
which has evolved from the shale sample is determined. The sample 
is then macerated under water and the gas released during the 
process is determined. This process provides three data points: 
headspace gas, gas in rock, and total gas. The total gas value 
represents a minimum value, since some of the gas is evolved from 
the core during the time interval between removal from the core 
barrel and sample canning. 
two hours. 

This period averages between one and 

Thermal Chromatography is also being used to determine total 
hydrocarbon yield from the samples. The hydrocarbons evolved by 
thermal chromatography are identified by high resolution gas 
chromatography. 

A modified material balance assay is also being performed on 
the samples to provide not only information on the oil yield but 
also the non-condensable gases released during the pyrolysis 
process. The modified assay provides information on the volumes 
of oil, non-condensable gases, and the water released during the 
pyrolysis process. Detailed analyses are being performed on the 
oil product and the gases. 

Pulsed NMR techniques are also being applied to the Devonian 
Shales. These techniques are presently being evaluated as a rapid 
and accurate means of assaying oil from the western oil shales, 
the companion being that the FID arttplitude is related to the hydro- 
gen content of the oil shale, and the hydrogen content is indicative 
of the oil assayed from the shale by conventional Fischer Assay 
techniques. 
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We are attempting to evaluate methods of identifying the 
entire fuel (gas and oil) yield of the Devonian Shales. The 
total hydrogen and carbon content of the shale samples is being 
statistically correlated with the actual fuel (gas and oil) yield 
obtained from the material balance assay and total gas evaluations 
of the shale. These correlations will provide statistical regres- 
sion lines from which potential fuel(gas and oil) yields can be 
estimated from future routine pulsed NMR evaluations. 

Proton relaxation time studies are being conducted to 
establish the distribution of the various chemical species and 
their physical state in representatiive samples. Detailed evalua- 
tion of the relaxation times is being used to separate possible I 

contributions of inorganic protons (i.e., adsorbed water, mineral 
hydrogens, tightly bound "dry" water, etc.) from the organic 
material. 

In addition, the temperature dependence of relaxation times 
between lOOK and 500K is being determined. The studies of the 
300K-500K range are determining the loss  of various inorganic and 
organic components from the shales, while studies in the 100K-300K 
range are being used in an attempt to estimate the presence of 
solid, liquid, and gaseous components. For a given nuclear 
species, the spin-spin relaxation time decreases and the spin- 
lattice relaxation time increases when the component behaves as a 
rigid solid at low temperatures. Each physical phase has a char- 
acteristic temperature at which the spin-lattice relaxation time 
reaches a minimum and the spin-spin relaxation time reaches a 
constant minimum at a low temperature. 

MECHANICAL TESTING 

The mechanical testing program is designed to determine the 
rupture characteristics of the shale and the amount of gas released 
as a result of various loading parameters. The mechanical prop- 
erties of the shales should be significantly influenced by both 
the gas and kerogen resources present in the shales. 

The resources present in the shale samples affect not only 
the degree of fracture per load but also the crack front movement 
through the shale. As cracks propagate through the shale, a cer- 
tain amount of gas will be released. To aid in fully characterizing 
the shale, not only the mechanical properties of the samples but 
also the amount and species of gas released as a function of loading 
are being determined. 
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Shale samples which have been characterized geochemically are 
placed in an environmental chamber coupled to a tensile tester. 
The sample is loaded in diametral compression; and as it is put 
under a steadily increasing load, the chamber pressure is nonitored 
and a quadrupole mass spectrometer linked to the system provides 
a continuous read-out of the gas species present in the chamber. 

The sample matrix currently being evaluated includes as-received 
samples and samples exposed to various relative humidities for 
extended periods of time. This latter condition is designed to 
determine the effects of hydration on the mechanical properties. 
Another variable that is being considered for the future is the 
exposure of the shale to fracturing fluids prior to testing. 

The breaking strength of the as-received samples has varied 
from 0.92 MPa to 3.27 MPa. These values are being related back to 
organic content, gas released during fracture, and even more 
basically, the shore hardness value of the sample. 

Dilatometry studies are also being performed on the shales. 
In these studies, the samples are placed in contact with a frac- 
turing fluid and the linear expansion of the sample as a function 
of time is recorded by using a LVDT coupled to a digital recording 
device. The fluids which are being studied include water, kerosene, 
water and 2% KCl, and methanol and 7 0 %  (water and KCl). 

SEM, SIMS, AND EDXRA 

The Scanning Electron Microscope, Secondary Ion Mass Spectro- 
meter, and Energy Dispersive X-Ray Analyzer are being used to 
provide a rather complete characterization of the samples. The SEM 
with its various modes of operation is providing an insight into 
the physical characteristics. It is being used to identify and 
distinguish the materials present in the samples, and to determine 
compositional distribution and phase boundary features. 

The SEM does provide a new dimension for the petrographer as 
Figures 1 through 4 illustrate. Figure 1 shows how mineral and 
organic matter appear on the SEM. The organic matter (0) almost 
appears transparent; this is in contrast to the thin section/optioal 
microscope view in which it would appear black. Figure 2 is a top 
view of a bedding plane showing a uniform distribution of spores. 
Figures 3 and 4 are SEM views of spores. The spore in Figure 4 has 
been fractured, and a center layer of pyrite is evident. 
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The Energy Dispersive X-Ray Analyzer is used to identify bulk 
elemental composition, particular structures, and anomalous features. 
Using thin section, it is possible to quantitatively identify matrix 
material, since the unit is linked to a mini-computer which quanti- 
tatively evaluates the spectrum. 

The Secondary Ion Mass Spectrometer is being used to provide 
analysis of characteristic portions of the material. Using the ion 
gun of the system, it is possible to etch the sample while it remains 
in the SEM. 

Figure 5 shows two typical spectra observed on a mineral lens 
that ran through a shale sample. Spectrum A was observed when the 
ion beam was focused on the center of the lens. Spectrum B was 
observed when the beam was focused on the edge of the lens. From 
Spectrum B, it can be seen that gas which was trapped at the 
lens/matrix interface was liberated during ion etching. With the 
focusable ion beam, it is possible to distinguish differences in 
organic material as well as more completely identify the inorganic 
material which is present. 

In addition to basic characterization studies, these three 
instruments are also being used to evaluate the fracture surfaces 
of the mechanical test specimen. 

PERMEATION 

A specially designed permeation cell will be used to determine 
the permeation effects of pure gases and mixtures through the shale. 
The permeability of these gases will be determined as a function of 
pressure, temperature, and flow direction (parallel and normal to 
the bedding direction). 

Another variable that will be explored will be the effects of 
water and other fracture fluids on the permeation of the gases 
through the shale. 

RADIONUCLIDE STUDY 

U, A radionuclides study to determine the concentrations of 
234U, and 222Rn will provide data that can be used to evaluate the 
environmental impact and health risk that would exist if concentra- 
tions of radioactive materials were released as a natural consequence 
of the hydrocarbon recovery process. Shale samples will be routinely 
analyzed for 222Rn which, since it is a gas, would have the greatest 
environmental impact and health risk in a gas recovery process. 

2 3 8  
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DATA ANALYSIS 

All of the data generated from the above studies will be 
statistically analyzed. These analyses will be used to correlate 
the hydrocarbon content of the shales with their various secondary 
characteristics. It will be through these types of analyses that 
the ultimate gas potentials of the shales can be related to specific 
secondary characteristics. One of the goals of this analysis will 
be to evaluate the effectiveness of simplified methods of resource 
assessment using secondary characteristic identifications. 

The approach to the data analysis is to model subunits that 
can be subjected to some degree of experimental closure before 
attempting to establish a relationship among fuel yield, analytical 
techniques, and shale characteristics. These subunits are based 
on both theoretical and empirical relationships. Experimental data 
are playing a dominant role in deciding the directions of the data 
analysis and are permitting objective decisions to be made on that 
part of the theory that is under test. 

Important consequences of this data analysis are: an objective 
evaluation of the most accurate and reliable analytical techniques; 
possible methods of associating fuel content with the secondary 
characteristics of the shales; and a data bank which can be used 
for future evaluation and modeling studies. 

S U W R Y  

This has been a brief outline of the Eastern Gas Shale Project 
which is in progress at Mound Laboratory. We are currently in the 
process of evaluating core samples from five wells located in the 
Appalachian and Illinois Basins, Some of the results from these 
analyses are addressed in another paper published in the proceedings 
of this conference, and the oral presentation will cover the other 
results currently available. 
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1. Devonian Shale Gas, MERC/SP-77/3, June 1977. 
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Figure 1. - Organic and Inorganic Material Present in Shale. Figure 2. - Spores Distributed Along Bedding Plane. 

Figure 3. - A  Collapsed Spore Located in a Shale Sample. Figure 4. - A Collapsed Spore With Pyrite Located in the 
Center. 
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INVESTIGATION OF STIMULATION TECHNOLOGY 
ON TIGHT GAS RESERVOIRS OF 
THE EASTERN UNITED STATES 
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ABSTRACT 

A j o i n t  Columbia Gas-USERDA p r o j e c t ,  aimed a t  t e s t i n g  s t i m u l a t i o n  tech-  

I t s  purpose i s  t o  a s c e r t a i n  whether massive hydraul  i c  f r a c t u r i n g  
nology i n  var ious  Appalachian Basin sandstones and shales,  i s  c u r r e n t l y  being 
conducted. 
(MHF), d e n d r i t i c  f r a c t u r i n g  ( K i e l )  , o r  cryogenic  f r a c t u r i n g  techniques would 
s u b s t a n t i a l l y  increase gas produc t ion  i n  t h e  r e s e r v o i r s  t r e a t e d .  

t reatments i n  f i v e  d i f f e r e n t  producing r e s e r v o i r s  i n  severa l  Appalachian 
s t a t e s .  
f r a c t u r i n g  t reatments,  four cryogenic  t reatments ( i n  t h e  Shales o n l y )  and s i x  
MHF t reatments.  

T h i s  h y d r a u l i c  f r a c t u r i n g  program i n v o l v e s  13 w e l l s  and 14  f r a c t u r i n g  

The scope o f  t h e  p r o j e c t  inc ludes  t h e  i n v e s t i g a t i o n  o f  f o u r  d e n d r i t i c  

Since t h e  onset o f  t h i s  p r o j e c t ,  t h r e e  MHF t reatments and one d e n d r i t i c  
f r a c t u r i n g  t reatment  have been performed. 
t h e  d e n d r i t i c  f r a c t u r i n g  t reatment  were performed i n  t h e  C l i n t o n  sandstone i n  
nor theas tern  Ohio. 
i n  western i i r g i n i a .  

Two o f  these F-1HF t reatments and 

The t h i r d  MHF t reatment  performed was i n  t h e  Berea sandstone 

When t h i s  p r o j e c t  i s  concluded, t h e  r e s u l t s  o f  these t e s t s  can be used 
f o r  a comparative assessment o f  t h e  e f f e c t i v e n e s s  o f  t h e  var ious  t reatments 
conducted. 

I NT RODUCT I O N  

I n  an e f f o r t  t o  meet t h e  i n c r e a s i n g  demand f o r  n a t u r a l  as, Columbia Gas 
and t h e  U S .  Energy Research and Development A d n i n i s t r a t i o n  4 USERDA) i n i t i a t e d  
a p r o j e c t  i n  J u l y ,  1976 t o  i n v e s t i g a t e  enhanced gas recovery from marginal  gas 
producing format ions i n  t h e  eastern Uni ted States.  

The o b j e c t i v e  o f  t h i s  p r o j e c t  i s  the  i n v e s t i g a t i o n  o f  t h e  t e c h n i c a l  and 
economic e f fec t i veness  o f  h y d r a u l i c  f r a c t u r i n g  s t i m u l a t i o n  technology i n  v a r -  
ious  Appalachian Basin sandstones and shales. Th is  p r o j e c t  has obvious near-  
term goals  and i f  successfu l ,  t h e  e f f e c t i v e  technology c o u l d  be a p p l i e d  t o  
a l l  producing areas i n  the Appalachian Basin and pernaps l e a d  t o  a inajor 
expansion of  d r i l l i n g  a c t i v i t i e s  f o r  n a t u r a l  gas. 

Prepared f o r  ERDA under Contract  No. EF-76-C-05-5303 
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This paper presents th i s  project, which will be concluded i n  1978, and 
the research and f ie ld  operations t h a t  have transpired since i t s  in i t ia t ion .  

SCOPE OF PROJECT 

This jo in t  cost-sharing Columbia Gas-USERDA project i s  aimed a t  testing 
the effectiveness of various hydraulic fracturing treatments involving 13 
wells i n  five different gas-producing fornations in the Appalachian Basin. 
The project ac t iv i t ies  will include the investigation o f  six massive hydraulic 
fracturing (MHF) treatments, four dendritic (Kiel ) fracturing treatments and 
four cryogenic fracturing treatments, The five geologic formations which 
are scheduled t o  be tested i n  the project and which involve the following 
c r i t e r i a  are ( n o t  i n  order of  p r ior i ty) :  

C l i n t o n  Sandstone ( O h i o )  - two retreatments ( b o t h  MHF) and two new wells 
(one MHF, one dendritic) 

Berea Sandstone (Virginia) - two new wells (one MHF, one dendritic) 
Benson Sandstone (West Virginia) - two new wells (one MHF, one dendritic) 
Clriskany Sandstone (West Vi rg in i a )  - two new wells (one MHF, one 

Devonian Shales (Kentucky, Ohio, West Virginia) - three new wells and 
dendri t i c )  

one dual completion we1 1 (a1 1 cryogenic). 

Thus, th i s  program will involve 14 stimulation treatments i n  13 wells 
Stimulation w i t h  the i4HF techniques w i l l  u t i l i ze  

I n  the designs where 
i n  four  Appalachian s ta tes .  
a t  least  200,000 g a l l o n s  of f l u i d  per treated interval.  
dendritic or cryogenic treatments are planned, the volumes o f  the fracturing 
fluids used will be developed based on the physical factors of each forma- 
t i o n  involved. Also, a l l  of the treatment designs are t o  be based on monetary 
cost parameters. 

The new wellsite locations for the project are planned t o  be i n  areas of  
increased fracture trace density or near surface lineaments t h a t  can be mapped 
from available radar, U-2 or Energy Resource Technology Sa te l l i t e  (ERTS) 
imagery, so that gas c o n t a i n i n g  natural fracture systems may be encountered 
for enhanced gas recovery. 1 , 2  

WELLSITE SELECTION 

Figure 1 i s  an example of  selecting the new wellsites for the project. 
These new wells will be selected i n  proximity t o  the regional fracture systems 
so they intersect fractured zones o f  concentrated gas accumulations i n  the 
reservoirs investigated. 

lines (lineaments) can be found on i t  and wells can be spotted so as t o  inter-  
sect the zones of  fracture porosity (gas-containing zones) i n  the reservoir 
associated w i t h  these lineaments. 

When remote sensing imagery (radar or U-2 or ERTS) i s  studied, dis t inct  

The procedure i s  t o  review the available imagery of the general area 
for the well and delineate surface fractures ( i l lus t ra ted  as lineaments on 
the imagery). 
t o  a 7% minute quadrangle topographic map w i t h  a Bausch and Lomb zoom transfer 

These lineaments are then transferred from the imagery pho to  

6-6/2 



scope, which a l l o w s  proper  s c a l i n g  o f  these l ineaments t o  t h e  topographic  
map. Once t r a n s f e r r e d  t o  t h e  topographic  map, more d e f i n i t i v e  l o c a t i o n s  of 
these l ineaments can be p inpo in ted .  
and d i p  (express ion o f  t h e  angle t h a t  t h e  f e a t u r e  makes w i t h  t h e  h o r i z o n t a l  
p lane )  of t h e  s u r f a c e  f r a c t u r e s  can then be made. With these measurements, 
a w e l l  can be s e l e c t e d  i n  such a manner as t o  i n t e r s e c t  t h e  zones o f  gas c o n t a i n i n g  
n a t u r a l  f r a c t u r e s  i n  t h e  r e s e r v o i r  w i t h  a s imple geometr ic equa t ion  (assuming 
these su r face  express ions a r e  c o n s i s t e n t  t o  t h e  r e s e r v o i r  o f  concern) .  
shown i n  t h e  example o f  F igu re  1, 554 f e e t  o f  d isplacement f rom t h e  surface 
express ion ( l i neamen t )  on t h e  d i p p i n g  s i d e  o f  t he  su r face  f r a c t u r e  i s  needed 
t o  spot  t h e  w e l l  t o  i n t e r s e c t  t h e  n a t u r a l  f r a c t u r e  system i n  t h e  r e s e r v o i r .  
Of course, adjustments on t h e  su r face  f o r  t opograph ica l  f e a t u r e s  have t o  be 
made i n  a lmost  a l l  cases; however, p r o x i m i t y  t o  these su r face  f r a c t u r e s  must 
s t i l l  be mainta ined t o  i n t e r s e c t  t h e i r  components i n  t h e  r e s e r v o i r .  

F i e l d  measurements o f  t h e  s t r i k e  (az imuth)  

As 

WELLS SELECTED 

As i l l u s t r a t e d  i n  F i g u r e  2, t e n  o f  t h e  proposed 13 w e l l s  f o r  t h e  program 
have been se lec ted .  
sha le  w e l l  and one Berea w e l l  i n  V i r g i n i a ,  and two Benson w e l l s  i n  West 
V i r g i n i a )  were based on t h e  above c r i t e r i o n  o f  s e l e c t i o n  near surface l i n e a -  
ments. The remain ing f o u r  C l i n t o n  w e l l s  ( i n  Ohio) were n o t  based on surface 
l ineament  s t u d i e s  because o f  g l a c i a l  deposics o v e r l y i n g  t h e  t e r r a i n  and 
o b s t r u c t i n g  imagery m a n i f e s t a t i o n s .  I ns tead ,  these f o u r  w e l l s  were s e l e c t e d  
based on known C l i n t o n  p r o d u c t i o n  i n  t h e i r  r e s p e c t i v e  areas i n  Ohio. 

S i x  o f  these w e l l s  ( two sha le  w e l l s  i n  Kentucky, one 

A lso  i l l u s t r a t e d  i n  F i g u r e  2 i s  t h e  general  l o c a t i o n  o f  t h r e e  proposed 
w e l l s i t e s  y e t  t o  be s e l e c t e d  f o r  t h e  program. 

DRILLIidG A N D  C O R I i G  OPERATIONS 

Table I presents t h e  p r o j e c t  w e l l s  t h a t  have been d r i l l e d .  
l o c a t i o n s ,  t a r g e t  zones, and t o t a l  depths a r e  i l l u s t r a t e d .  As shown, four  
new we1 1 s have r e c e n t l y  been d r i l l e d  (based on remote sensing imagery s t u d i e s )  
f o r  t h e  p r o j e c t ,  and f o u r  a d d i t i o n a l  w e l l s  were d r i l l e d  b u t  n o t  s t i m u l a t e d  
p r i o r  t o  the  program's i n c e p t i o n .  

Accord ing ly ,  i n  an a t tempt  t o  more f u l l y  c h a r a c t e r i z e  t h e  geo log ic  format ions 
being i n v e s t i g a t e d ,  cores o f  each fo rma t ion  a re  t o  be ob ta ined  and examined. 
The format ions t h a t  have been cored, and t h e  i n t e r v a l  o f  co re  e x t r a c t e d  from 
each, a re  a l s o  i nc luded  i n  Table I. Not i l l u s t r a t e d  i n  t h i s  t a b l e  i s  60 f e e t  
o f  Berea sandstone co re  t h a t  was ob ta ined  from a w e l l  i n  Buchanan County of 
western V i r g i n i a .  Th i s  w e l l  was d r i l l e d  f o r  t h e  program b u t  had t o  be abandoned 
because o f  t h e  s p l i t t i n g  o f  t h e  cas ing and t u b i n g  which occu r red  when t h e  t u b i n g  
was removed when p repar ing  f o r  a r e s e r v o i r  t e s t .  

Also, t h e i r  

I n  summary, e i g h t  o f  t h e  13 w e l l s  i n  t h e  program have been d r i l l e d  w i t h  
four  d r i l l e d  p r i o r  t o  t h e  program's i n c e p t i o n ,  and f o u r  s p e c i f i c a l l y  s e l e c t e d  
w i t h  remote sensing techniques f o r  t h e  program goa ls .  
w e l l s  t o  be d r i l l e d  w i l l  a l s o  be based on remote sensing imagery s t u d i e s  i n  
t h e i r  r e s p e c t i v e  areas. Two w e l l s i t e s  i n  Upshur County i n  n o r t h - c e n t r a l  
West V i r g i n i a  have j u s t  r e c e n t l y  been s t u d i e d  and se lected.  
t i o n s  on these two w e l l s  should be completed i n  t h e  for thcoming months. 
two of  t he  f i v e  geo log ic  format ions be ing  i n v e s t i g a t e d  (Berea Sandstone and 
Devonian Shale) have been cored f o r  c h a r a c t e r i z a t i o n  and resource del  i n e a t i o n  
s t u d i e s .  

The remaining f i v e  

D r i l l i n g  opera- 
L a s t l y ,  
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L O G G I N G  OPERATIONS 

To supplement core information and t o  select  specific zones for stimula- 
tion in each well, a conventional logging program will be used. The gamma 
ray log, the s ibi la t ion l o g ,  the res i s t iv i ty  log a n d  the temperature log  were 
the logs primarily used t o  delineate the gas-bearing zones. 
delineation for the other project wells will also use these logs. 

Future zone 

ASSOCIATED RESEARCH 

I n  addition t o  Columbia Gas, other organizations are also participating 
in th i s  13-well t e s t  program. Figure 3 i s  presented t o  i l l u s t r a t e  the func- 
tions o f  these organizations. As shown in the Figure, most of these organi- 
zations are involved in core studies of the five geologic formations being 
investigated. For instance, of the cores extracted t h u s  f a r ,  intervals were 
submitted t o  the Morgantown Energy Research Center ( M E R C )  of ERDA for  orienta- 
tion ( t o  collaborate natural fracture orientation) and directional property 
analysis. Also, specimens were removed a t  the well s i t e  for degasification 
studies by Colunbia, Battelle and others. Additional specimens were removed 
for fracture mechanics tes t s  by the Service Companies and Terra Tek of  S a l t  
Lake City, Utah and also,  specimens were submitted t o  the United States 
Geological Survey (USGS) of Reston, Virginia, Mound Labs of Miamisburg, Ohio 
and Juniata College of H u n t i n g d o n ,  Pennsylvania for geochemical studies (gas 
maturation analyses). For the reservoir-property analysis , specimens were sent 
t o  Core Lab of Dallas, Texas. Future cores extracted will also be submitted 
t o  these organizations for further resource and reservoir property del ineation, 

STIMULATION TREATMENTS PERFORMED 

To i l l u s t r a t e  the volumes of fluid and sand used in the various t r ea t -  
ments performed, Table I 1  i s  presented. Also, the physical treating parameters 
are presented for i l lustrat ion.  

The f i r s t  well hydraulically fractured under this  contract with the 
USERDA was Columbia Well No. 20237 in the Clinton sandstone in Mahoning County 
of northeastern Ohio. This treatment was conducted in August, 1976. The design 
used was t h a t  of the patented Kiel (dendritic) fracturing process in which 
106,000 gallons of gelled (guar  gum) water and 40,000 pounds of sand (25,000 
pounds o f  80/100 mesh and 15,000 pounds of 20/40 mesh sand) were injected a t  
an average rate of 52 barrels per minute (BPM) in five successive injection/ 
flowback periods. 
of carbon dioxide. 

Also injected, for an energy-assist mechanism, was 425 FkCf 

As i l lustrated in the Table, the average fracturing pressure reached during 
this  Kiel treatment was 2,600 psig; with the maximum treating pressure attained 
2 ,do0 psig. The instantaneous shut-in pressure ( I S I P )  recorded immediately 
a f t e r  the treatment was 500 p s i g .  

The second stimulation treatment performed in the project was a massive 
hydraulic fracturing (MHF) retreatment conducted in September, 1976 in a 
Clinton sandstone section in Columbia Well No. 11236 in Trumbull County of 
northeastern Ohio. The zone in this  well had been previously treated i n  
August, 1972. 
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This  f i r s t  h y d r a u l i c  f r a c t u r i n g  t reatment  o f  t h i s  zone (4,566 feet  - 
4,639 f e e t )  u t i l i z e d  50,400 g a l l o n s  o f  a g e l l e d  water  f l u i d  c a r r y i n g  61,800 
pounds o f  20/40 mesh sand. 
s i z e d  t reatment  averaged 2,300 p s i g  and t h e  i n i t i a l  breakdown pressure was 
1,850 ps ig .  The maximum pressure reached d u r i n g  t h e  pumping o f  t h e  f l u i d  
and sand was 2,700 p s i g .  
p s i g  and a f t e r  a f ive-minute s h u t - i n  per iod ,  t h e  pressure had dropped t o  825 
psig.  

The t r e a t i n g  pressure d u r i n g  t h i s  " c o n v e n t i o n a l l y "  

The I S I P  f o l l o w i n g  t h i s  f i r s t  t reatment  was 1,100 

The MHF ret reatment ,  performed t o  extend t h e  o r i g i n a l  f r a c t u r e ,  u t i l i z e d  
324,580 g a l l o n s  of g e l l e d  water w i t h  500,000 pounds o f  sand (60,000 pounds 
of 80/100 mesh and 440,000 o f  20/40 mesh sand) and 691,760 Scf  n i t r o g e n  
( i n j e c t e d  cont inuous ly  a t  approx imate ly  100 Scf/Bbl  throughout t h e  t reatment  
f o r  energy-ass is t  f o r  f a s t e r  c lean-up).  

As i l l u s t r a t e d  i n  Table 11, the  i n j e c t i o n  r a t e s  d u r i n g  t h e  MHF re t rea tment  
of t h e  C l i n t o n  sandstone s t a r t e d  a t  20 BPM and were increased t o  40 BPM by t h e  
end of  t h e  t reatment .  
pounds p e r  g a l l o n  (ppg) of 20/40 mesh a t  t h e  t a i l - e n d  o f  t h e  t reatment .  

A l s o ,  t h e  sand concent ra t ion  was peaked a t  four  ( 4 )  

The average t r e a t i n g  pressure d u r i n g  t h i s  MHF re t rea tment  was 2,200 p s i g  
and was o n l y  s l i g h t l y  h i g h e r  (by  100 p s i g )  than t h e  average t r e a t i n g  pressure of 
t h e  " c o n v e n t i o n a l l y "  s i z e d  t reatment  performed p r e v i o u s l y  i n  t h i s  same zone. 
The maximum t r e a t i n g  pressure t h a t  was a t t a i n e d  d u r i n g  t h e  MHF t reatment  was 
3,100 ps ig .  The I S I P  a f t e r  t h i s  re t rea tment  was 1,800 p s i g  and t h i s  pressure 
decreased t o  1,050 p s i g  a f t e r  15 minutes o f  shu t - in .  These pressure values 
were somewhat h i g h e r  d u r i n g  and a f t e r  t h i s  MHF re t rea tment  than the  e a r l i e r  
"convent ional  I' t reatment  . 

The t h i r d  C l i n t o n  sandstone w e l l  t r e a t e d  thus f a r  i n  the  p r o j e c t  was a l s o  
i n  Trumbull  County o f  nor theas tern  Ohio. I n  November, 1976, another g e l l e d  
water MHF t reatment  was conducted i n  the C l i n t o n  s e c t i o n  i n  Columbia Well 
No. 20245. The C l i n t o n  i n  t h i s  w e l l  was per fo ra ted  w i t h  17 - 0.40-inch holes 
between 4,230 f e e t  and 4,311 f e e t  ( r e f e r  t o  Table 11) .  I t  was then s t i m u l a t e d  
w i t h  334,000 g a l l o n s  o f  g e l l e d  water w i t h  600,000 pounds o f  sand ('100,000 pounds 
of  80/100 mesh and 500,000 pounds o f  20/40 mesh) , and 695,250 Scf of  n i t r o g e n .  
Pumping r a t e s  d u r i n g  t h i s  t reatment  averaged 30 BPM. The sand concent ra t ion  was 
peaked a t  4 ppg o f  20/40 mesh sand a t  the  t a i l - e n d  o f  t h 2  t reatment .  
i t  was planned t o  peak t h e  20/40 mesh sand concent ra t ion  a t  3 ppg; however, 
d u r i n g  the  t reatment ,  t h e  C l i n t o n  was t a k i n g  sand so w e l l  t h a t  i t  was decided 
t o  emplace t h e  20/40 mesh sand a t  4 ppg a t  t h e  t a i l - e n d .  

O r i g i n a l l y ,  

The average t r e a t i n g  pressure d u r i n g  t h i s  I4HF t reatment  o f  the  C l i n t o n  
sandstone was 2,400 p s i g  and t h e  maximum pressure a t t a i n e d  was 2,960 p s i g .  
The I S I P  f o l l o w i n g  t h e  t reatment  was 1,550 p s i g  and a f t e r  a ten-minute s h u t - i n ,  
the  pressure d e c l i n e d  t o  o n l y  1,530 ps ig .  

The l a s t  t reatment  conducted thus f a r  i n  t h i s  program occurred i n  January, 
1977, when a t h i r d  MHF t reatment  was conducted i n  t h e  Berea sandstone s e c t i o n  
i n  Columbia Well No. 20211 i n  Dickenson County, V i r g i n i a .  The zone t r e a t e d  had 
been p e r f o r a t e d  w i t h  21 - 0.40- inch diameter deep p e n e t r a t i n g  holes between 
4,133 f e e t  and 4,193 f e e t  ( r e f e r  t o  Table 11).  I n  t h i s  w e l l ,  t h e  Berea sand- 
stone was t r e a t e d  w i t h  285,600 g a l l o n s  o f  g e l l e d  water  w i t h  555,000 pounds of 
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sand (435,000 pounds of 20/40 mesh and 120,000 pounds of 80/100 mesh) and 
762,500 Scf of nitrogen. The pumping ra tes  were incremented from 20-40 BPM 
and the 20/40 sand concentration was peaked a t  5 ppg a t  the tail-end of the 
treatment. 

The average t reat ing pressure during t h i s  MHF treatment was 1,400 p s i g  
and the maximum pressure at ta ined was 1,800 p s i g .  
treatment was 100 psig and a f t e r  15 minutes of shut-in the Berea went on 
vacuum (0 psig).  

In summary, four stimulation treatments of the proposed 14  have been 
conducted. Three of these have been MHF treatments in two northeastern O h i o  
Clinton sandstone wells and one western Virginia Berea sandstone well. 
f o u r t h  treatment conducted has been a patented Kiel (dendri t ic)  f ractur ing 
process a lso performed i n  a northeastern Ohio C1 inton sandstone we1 1 .  

The ISIP following this  

The 

A1 1 three of the MHF treatments performed have u t i l  ized approximately 
300,000 gallons of f lu id  pumped a t  an average r a t e  of 30 BPM and emplacing 
500-600,000 pounds o f  sand. Also, approximately 700 Mscf of nitrogen has 
been injected throughout these "massive" volumes f o r  supplemental energy- 
a s s i s t  f o r  f a s t e r  removal. 

The Kiel process performed u t i l i zed  only about one-half (J5) the f l u i d  
vol ume ( 1  60,000 gal 1 ons) and one-fourteenth (1  /14 )  the sand vol ume (40,000 
pounds)  as compared t o  the  MHF treatments. 
f lu id  and sand were injected a t  a much higher ra te  (52 BPM). 
energy-assist mechanism was incorporated into the Kiel process by inject ing 
carbon dioxide (425 Mscf) as compared to  the use of nitrogen w i t h  the MHF 
treatment performed. 

However, these smaller volumes of 
Also, the 

RE S U LT I N G PRODUCTION 

Of the four sands stimulated, three have produced gas since stimulation. 
One Clinton sandstone well (Well No. 20245), even a f t e r  extensive swabbing 
e f f o r t s  t o  remove the f rac  f lu id  and promote gas production, continued t o  
make s a l t  water and therefore was plugged. 

Table 111 presents the four stimulated wells, the formation t reated i n  
each and the type of treatment performed. For i l l u s t r a t i o n ,  the i n i t i a l  open 
flow before the treatment and the average dai ly  open flow a f t e r  the treatment 
a re  g i v e n .  

I n  a l l  three of the t reated wells where gas  production has resulted,  the 
da i ly  open flows have increased a f t e r  stimulation. 

R E S E R V O I R  TEST I NG RESULTS 

To es tab l i sh  a c r i te r ion  f o r  comparison of the effectiveness of the 
treatments, pre- and post-treatment reservoir t e s t s  a re  t o  be conducted on 
each well t o  determine reservoir parameters before and a f t e r  the treatment. 

For Columbia Well No. 11236, a pre-MHF t e s t  was conducted d u r i n g  
September, 1976. 
County, Ohio, t o  a to ta l  depth of 4,743 f e e t .  

This well was d r i l l e d  as a wildcat i n  1972 i n  Trumbull 
Completion was made in the 
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C1 i n t o n  sandstone. 
v i o u s l y  c i t e d ,  and had been on p r o d u c t i o n  s ince  December o f  t h a t  yea r .  
O r i g i n a l l y ,  t h e  w e l l  produced some o i l  and water;  however, no o i l  has been 
produced s i n c e  t h e  beginning o f  1976, 

I n  1972, t h e  we1 1 was " c o n v e n t i o n a l l y "  f r a c t u r e d ,  as p re -  

The pressure t r a n s i e n t  t e s t  conducted on t h i s  w e l l  p r i o r  t o  t h e  MHF 
r e t r e a t m e n t  c o n s i s t e d  o f  t h r e e  drawdown-buildup cyc les .  Each drawdown p e r i o d  
l a s t e d  f o u r  hours and was f o l l o w e d  by a s h u t - i n  p e r i o d  o f  equal d u r a t i o n .  
r a t e ,  and bo th  wel lhead and bottomhole pressures,  were measured as a f u n c t i o n  
of t ime  by Columbia personnel .  The w e l l  had been s h u t - i n  s i n c e  e a r l y  August , 
1976, p r i o r  t o  opening t h e  w e l l  f o r  t h e  f i r s t  drawdown i n  September, 1976. 
Dur ing t h e  pre-MHF t e s t ,  no f l u i d  p r o d u c t i o n  was measured a t  t h e  surface and 
t h e r e  was no evidence o f  f l u i d  accumulat ion i n  t h e  we l l bo re .  

Flow 

The p r imary  o b j e c t i v e  o f  t h i s  pre-MHF a n a l y s i s  was t o  determine t h e  
r e s e r v o i r  p e r m e a b i l i t y  (k) and s k i n  f a c t o r  ( S ) .  T h i s  i n f o r m a t i o n  would p r o v i d e  
a comparison bas i s  f o r  post-MHF t e s t  r e s u l t s  conducted a f t e r  t h e  t rea tmen t  t o  
i n d i c a t e  t h e  r e l a t i v e  success o f  t h e  MHF s t i m u l a t i o n  on t h i s  C l i n t o n  sandstone. 
I n  a d d i t i o n  t o  t h i s ,  es t ima tes  o f  t h e  induced f r a c t u r e  p r o p e r t i e s  generated by 
t h e  1972 "conven t iona l "  t rea tmen t  were d e s i r e d  f o r  comparison t o  t h e  induced 
f r a c t u r e  p r o p e r t i e s  o f  t h e  MHF re t rea tmen t .  

Table I V  presents  t h e  r e s u l t s  o f  t h e  pre-MHF t e s t  data a n a l y s i s  submi t ted 
by Intercomp Resource Development and Engineer ing,  I n c .  o f  Houston , Texas 
( r e s e r v o i r  eng inee r ing  c o n s u l t a n t s  subcontracted by Columbia f o r  t h i s  
p r o j e c t ) .  I n  t h e i r  a n a l y s i s ,  I tercomp used b o t h  convent ional  p l o t t i n g  tech -  
niques and numerical  s imulat ion!  t o  i n t e r p r e t  t h e  t e s t  data.  

Since t h e  t e s t  was conducted a f t e r  t h e  f i r s t  c o n v e n t i o n a l l y - s i z e d  
t reatment  and b e f o r e  t h e  MHF re t rea tmen t ,  these r e s u l t s  found i n  Table I V  
r e f l e c t  t h e  e f f e c t s  on t h e  r e s e r v o i r  c r e a t e d  by t h e  conven t iona l  l y - i nduced  
f r a c t u r e s  conducted i n  1973. For  i ns tance ,  accord ing t o  t h e  t e s t  r e s u l t s ,  
t h e  c o n v e n t i o n a l l y - s i z e d  t rea tmen t  c rea ted  a f r a c t u r e  90.0 f e e t  l o n g  ( o r  
45 f e e t  on a wing) w i t h  an i n f i n i t e  f l o w  c a p a c i t y  ( k h ) .  

As o f  t h e  t ime  t h e  paper was w r i t t e n ,  t h e  post-MHF t e s t  o f  t h i s  w e l l  had 
n o t  been conducted. Th is  i s  due t o  t h e  d e s i r e  t o  l e t  t h e  f l o w  s t a b i l i z e  from 
t h e  C l i n t o n  sandstone and a l so ,  a schedul ing problem encountered i n  t r e a t i n g  
t h e  Devonian Shale zone f u r t h e r  up t h e  h o l e  i n  t h i s  w e l l  (dual  complet ion 
w e l l ) .  The 
post-MHF t e s t  on t h i s  w e l l  i s  t o  be conducted by l a t e  August, 1977. 

A l so  i n c l u d e d  i n  Table I V  a r e  t h e  r e s u l t s  o f  t h e  p o s t - d e n d r i t i c  t rea tmen t  
t e s t  r e s u l t s  i n  Columbia Well  No. 20237. T h i s  w e l l  was d r i l l e d  d u r i n g  May and 
e a r l y  June, 1975 i n  Mahoning County o f  n o r t h e a s t e r n  Ohio t o  a t o t a l  depth of 
4,928 feet.  
Core a n a l y s i s  o f  s l i g h t l y  ove r  50% o f  t h e  pay averaged t h e  h o r i z o n t a l  perme- 
a b i l i t y  (k) a t  1.28 m i l l i d a r c i e s  (md). Ana lys i s  o f  w e l l  l o g s  i n d i c a t e d  an 
average water  s a t u r a t i o n  of 34.9% and an average p o r o s i t y  of 6.4%. 

Therefore,  a d i r e c t  comparison cannot be presented a t  t h i s  t ime.  

A n e t  gas pay o f  63 f e e t  was found i n  t h e  C l i n t o n  sandstone. 

I n  August, 1976, t h e  C l i n t o n  sandstone i n  t h i s  w e l l  was h y d r a u l i c a l l y  
f r a c t u r e d  w i t h  a d e n d r i t i c  ( K i e 1 ) - f r a c  process. 
t reatment ,  t h e r e  was an i n s u f f i c i e n t  volume o f  gas f l o w  ( r e f e r  t o  Table 111) 
t o  perform a pre- t reatment  r e s e r v o i r  t e s t .  However, a pos t - t rea tmen t  t e s t ,  

Before t h i s  s t i m u l a t i o n  
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c o n s i s t i n g  o f  t h r e e  drawdown-buildup c y c l e s ,  was conducted t o  eva lua te  t h e  
improvement achieved by h y d r a u l i c  f r a c t u r i n g .  

by  I n t e r c o n p  w i t h  a s ingle-phase, three-d imensional ,  r a d i a l  f low numerical  
s i m ~ l a t o r . ~  T h e i r  model accounts f o r  pressure-dependent rock  p r o p e r t i e s  , 
we1 1 bore damage , we1 1 bore s torage , c r o s s f l  ow and p a r t i a l  p e n e t r a t i o n .  I n  
c o n j u n c t i o n  w i t h  t h i s  numerical  modeling, convent ional  and type-curve analyses 
were used t o  o b t a i n  i n i t i a l  est imates o f  r e s e r v o i r  and f r a c t u r e  p r o p e r t i e s .  
The f i n a l  de te rm ina t ions  presented i n  Table I V  f o r  Well  No. 20237 were based 
on a d j u s t e d  va lues which gave a s a t i s f a c t o r y  match o f  t h e  mode l - ca l cu la ted  
and measured pressures.  

Th is  pos t - t rea tmen t  t e s t  was conducted by Columbia and t h e  da ta  analyzed 

From t h e  t e s t  a n a l y s i s  r e s u l t s ,  t h e  K i e l  t reatment  induced a f r a c t u r e  310 
f e e t  l o n g  ( o r  approx imate ly  155 f e e t  on a wing) i n t o  t h e  C l i n t o n  sandstone 
w i t h  a f l o w  c a p a c i t y  ( kh )  o f  100,000 md.-in. 

As mentioned, an accu ra te  comparison o f  pre- t reatment  and pos t - t rea tmen t  
performance cou ld  n o t  be determined s ince  a p re - t rea tmen t  t e s t  was n o t  p o s s i b l e .  
However, i t  was f e l t  by Intercomp t h a t  t h e  minimum improvement achieved by t h e  
K i e l  f r a c  process c o u l d  be es t ima ted  by assuming no s k i n  damage e x i s t e d  be fo re  
t h e  t reatment .  F i g u r e  4 presents  such a comparison a t  a cons tan t  wel lhead 
pressure (WHP) of  980 ps ig .  
t h i s  graph was computed w i t h  t h e  numerical  s i m u l a t o r  descr ibed above. The 
p re - f rac  performance was computed w i t h  a r a d i a l  model w i t h  no f r a c t u r e  ( S k i n  = 
0 ) .  Th i s  p r o j e c t i o n  shows a minimum t h r e e - f o l d  i nc rease  i n  cumulat ive gas 
p r o d u c t i o n  due t o  f r a c t u r i n g  a f t e r  two yea rs  o f  p roduc t i on .  However, because 
o f  t h e  excess ive es t ima ted  wel lhead pressure used i n  t h e  p r o j e c t i o n  (980 P i g )  
Intercornp was asked t o  r e c a l c u l a t e  t h e  p r o d u c t i o n  based on 200 p s i g ;  which i s  
c u r r e n t l y  t h e  l i n e  pressure i n t o  which t h e  w e l l  i s  producing. 
r e c a l c u l a t e d  value, more r e a l  i s t i c  p r o d u c t i o n  f i g u r e s  w i l l  be obta ined.  

The p r o j e c t e d  a f t e r - f r a c t u r e  performance i n  

Wi th t h i s  

According t o  t h e  p r o j e c t  goals ,  a pos t - t rea tmen t  r e s e r v o i r  t e s t  was 
conducted a f t e r  t h e  MHF g e l l e d  water  t rea tmen t  i n  t h e  Berea sandstone i n  
V i r g i n i a  (Columbia Well  No. 20211); however, a t  t h e  t i m e  t h i s  paper was 
w r i t t e n ,  t h e  f i n a l  a n a l y s i s  was n o t  a v a i l a b l e  f o r  p resen ta t i on .  

L a s t l y ,  r e s e r v o i r  t e s t i n g  o f  t h e  C l i n t o n  sandstone w e l l  (Columbia We11 
No. 20245) i n  no r theas te rn  Ohio was n o t  conducted due t o  t h e  l ow  f low r a t e  
before t h e  MHF t rea tmen t  performed on i t ,  and due t o  t h e  s a l t w a t e r  p r o d u c t i o n  
a f t e r  t h e  t rea tmen t  ( r e f e r  t o  Table 111). 

SUMMARY 

Since i n i t i a t i o n  o f  t h e  j o i n t  Columbia Gas-USERDA p r o j e c t  i n  J u l y ,  1976, 
t e n  of t h e  13 scheduled w e l l s  have been se lec ted .  O f  these t e n  w e l l s ,  e i g h t  
have been d r i l l e d  ( e i t h e r  p r i o r  t o  t h e  program's i n i t i a t i o n  o r  s p e c i f i c a l l y  
f o r  t he  program) and t h e r e f o r e  have made t a r g e t  f o rma t ions  access ib le  f o r  
s t i m u l a t i o n  t reatments.  Also,  two more w e l l s  have r e c e n t l y  been s e l e c t e d  
w i t h  remote sensing techniques, and a r e  t o  be d r i l l e d  i n  t h e  for thcoming 
months, 

Of  t h e  e i g h t  access ib le  zones, f o u r  have been s t i m u l a t e d - - t h r e e  C l i n t o n  
sandstones ( i n  no r theas te rn  Ohio) and one Berea sandstone ( i n  V i r g i n i a ) .  
MHF t reatments and one K i e l  f rac  process have been performed. 

Three 
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Since s t i m u l a t i o n ,  two of  t h e  C l i n t o n  sandstones and t h e  Berea sandstone 
have produced gas. I n  these cases, t h e  produc t ion  has increased a f t e r  t h e  
t reatments were conducted. The t h i r d  C l i n t o n  sandstone s t i m u l a t e d  d i d  n o t  
have any gas produc t ion ,  b u t  produced s a l t w a t e r ,  and t h e r e f o r e  was abandoned. 

Reservoi r  t e s t  r e s u l t s  o f  a C l i n t o n  sandstone w e l l  s t i m u l a t e d  w i t h  a 
" c o n v e n t i o n a l l y "  s i z e d  t reatment  i n  1972 , i n d i c a t e  t h a t  t h i s  t reatment  induced 
a 90- foot  f r a c t u r e  i n t o  t h e  C l i n t o n .  Post - t reatment  t e s t i n g  o f  t h e  r e c e n t l y  
performed MHF re t rea tment  has n o t  y e t  been conducted f o r  a comparison of t h e  
MHF improvement. 

Other r e s e r v o i r  t e s t  r e s u l t s  o f  another C l i n t o n  sandstone w e l l  s t i m u l a t e d  
r e c e n t l y  w i t h  a K i e l  f r a c  process, i n d i c a t e  t h a t  t h i s  t reatment  c rea ted  a 
310- foot  f r a c t u r e  i n t o  t h e  C l i n t o n .  

Continued research i s  be ing conducted by Columbia Gas, USERDA and o t h e r  
o rgan iza t ions .  The o b j e c t i v e  i s  t o  t e s t  t h e  t e c h n i c a l  and economic e f f e c t i v e -  
ness of h y d r a u l i c  f r a c t u r i n g  technology f o r  enhanced gas recovery from f i v e  
marginal  gas-producing r e s e r v o i r s  i n  t h e  Appalachian Basin , and a1 so t o  
c h a r a c t e r i z e  these r e s e r v o i r s  f o r  f u t u r e  development. 

NOMENCLATURE 

A = h o r i z o n t a l  d isplacement o f  w e l l  f rom sur face  f r a c t u r e  
B = depth o f  w e l l  t o  r e s e r v o i r  

h = h e i g h t  

k = permeabil  i ty, md 
kh = f l o w  capac i ty ,  md.-in. o r  md.- f t .  

1 b / f t  = pounds/foot , weight 
Mcfd = thousands o f  cub ic  f e e t  p e r  day (gas f l o w )  

md = m i l l i d a r c y  1/1000 o f  a Darcy 
md-ft = m i l l i d a r c y  f e e t  
md-in = m i l l i d a r c y  inches 

N2 = n i t r o g e n  
ppg = pounds per  g a l l o n  

S = s k i n  f a c t o r  
Sc f  = standard cub ic  f e e t  

a =  d i p  o f  l ineament 
OF = degrees, Fahrenhei t  

(J = p o r o s i t y ,  percent  

Cot = cotangent o f  d i p  angle 
C02 = carbon d i o x i d e  

I S I P  = instantaneous s h u t - i n  pressure,  p s i g  

p s i a  = pounds per  square inch ,  abso lu te  
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TABLE I 

DRILLED WELLS IN COLUMBIA-USEROA 
13-WELL TEST PRWECT 

;olumbi a 
d e l l  NO. - 
20237 

11236 

20245 

2021 1 

20336 

20337 

20338-T 

11354 - 
*Wells d n l l e d  p r i o r  t o  p r o j e c t  incept ron  

7 

Oate 
D r i l l e d  - 

1975' 

1972* 

1975* 

1976 

1976 

1976 

1977 

1972* - 

- 
Total  
Depth 
(ft) 

4,928 

4,743 

4,412 

4,275 

3,457 

3,602 

5,7M 

4,517 - 

TABLE I 1  

VOLUME AND TREATMENT PARAMETERS 
OF PERFORMED TREAT!IE!ITS 
IN 13-WELL TEST PROJECT 

20140 mesh1 

2200 2400 1400 A,?. T rea t ing  Press. 2600 

Max. Treat ing  Press. 2800 

Ps lg )  

( p s i g )  

31 00 2960 1800 

1800 1550 100 500 
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TABLE I I I  

PROWCTION RESULTING AFTER 
STIMULATION TREATMENTS 

L Cumulat ive Gas 
Produced (MHcf)/ Type o f  Open Flow before 

Fonnation Treated Treatment (Mcfd) Treatment Performed Days On L i n e  

C l i n t o n  Sandstone 3.4 D e n d r i t i c  ( K i e l )  27.81200 

C l i n t o n  Sandstone 40+ Water MHF Retreatment 10.41209 

Berea Sandstone 84 Water MHF 30.5143 

C l i n t o n  Sandstone NMG’ Water HHF 02 

11 236 

2021 1 

20245 

Average Open 
Flow a f t e r  
Treatment 
(Mcfd) 

1 , 2 0 0  

1 5 0  

2 ,054 

0 

*Product ion i n t o  e x i s t i n g  l i n e  

‘No measurable gas f low 

‘Produced s a l t w a t e r  a f t e r  HHF treatment - plugged and abandoned 
3Also produced 285 bb ls .  o f  o i l  s ince  s t i m u l a t i o n .  

TABLE I V  

RESERVOIR TESTING RESULTS 

Well No. 11236 

Basic 
Reservoir  
and 
We1 1 
Data 

S t a t i c  r e s e r v o i r  pressure.  p s i a  
Formation ne t  pay thickness, ft. 
Average t o t a l  p o r o s i t y ,  percent 
Est imated gas sa tura t ion ,  percent 
Est imated o i l  sa tu ra t ion ,  percent 
Est imated water s a t u r a t i o n ,  p e r c e p  
Est imated r e s e r v o i r  temperature, F 
Base temperature, ’ F  
Base pressure,  p s i a  
Per fo ra ted  i n t e r v a l ,  f t .  
Flow s t r i n g  d iaheter .  i n .  
Flow s t r i n g  we igh t ,  l b . / f t .  
Est imated f r i c t i o n  f a c t o r  
Well rad ius ,  ft. 
Well spacing, acres 

915.03 
38 
4 . 8  

71.1 
5.5 

23.4 
103 

60 
14.73 

4566-4639 
4.5 

11.6 
0.013 
0.328 

160 

Pre-Treatment 
Test 

Test Performed 

Test 
Resul ts 

I n i t i a l  drainage volume pressure,  p s i a  
Reservoir  f l o w  capac i ty ,  kh, n d - f t .  
Pseudo-skin f a c t o r  
Q e t  pay thickness, ft. 
Avg. res .  perm., mds. 
Avg. e f f .  gas $, percent 
Post f r a c t u r e  f l o w  e f f . ,  percent- l  
Reservoir  turbulence f a c t o r ,  f t .  
Turbulence f a c t o r  i n  f r a c t u r e .  ft..’ 
Fracture length ,  f t .  
Frac ture  f low capac l ty ,  md.- in 
Frac ture  height.  f t .  

915.03 
10.26 
-4.23 
38 

,270 
.60 

I -- 
_. 

1.40 x 10’’ 

( i n f i n i t e )  
I 90.0 

I ‘38 

Y e l l  No. 20237 

1624.25 
63 
6.4 

51.9 
7.2 

34.9 
110 

60 
14.65 

4725-4840 
4.5 

11.6 
0.013 
0.342 

160 

Post-Treatment 
Test 

1624.25 

-3.70 
63 

9.639 

0.153 
0.0347 

360 
7.020 x I O l 3  
1.521 x l o 4  

1M1,ooo 
31 0 

63 
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OFFSET OF WELL ON EARTH'S SURFACE 
TO INTERSECT FRACTURES 
I N  UNDERLYING RESERVOIR 

QROUNO 
LEVEL- 

1000*' 

zooo-. 

3000'' 

asoo'. 

F IGURE 1 

LINE4YLNT 
DIWINO 

t I I  
, ZONE Of fR4CTURE 

POROSITY t 

A = HORIZONTAL DISPLACEMENT OF WELL 
B =DEPTH TO RESERVOIR 
a = DIP OF LINEAMENT 

ASS 0 CI AT ED 0 R G  AN I Z AT I 0 N S INVOLVED 
IN COLUMBIA GASIUSERDA 
13 - WELL TEST PROGRAM 

FIGURE 3 

PROPOSED WELL LOCATIONS 
FOR 13-WELL TEST PROGRAM 

FIGURE 2 

(1) DUAL CLINTON 6, SHALE 

0 WELLS SELECTED 

WELLS 10 BE SELECTED 

PRE AND POST KIEL-FRAC PERFORMANCE 
COMPARISON CONDUCTED BY INTERCOMP 

FOR WELL NO. 20237 
FIGURE 4 
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MASSIVE H Y  DRAUL IC FRACTURING 
OF THE DEVONIAN SHALE 

IN LINCOLN COUNTY, WEST V I R G I N I A  

Steven F.  McKetta 
Columbia Gas System Service Corporation 

1600 Dublin Road 
Col umbus , Ohio 4321 5 

ABSTRACT 

Columbia Gas, in conjunction w i t h  the U.S. Energy Research and Development 
Administration ( U S E R D A ) ,  i s  currently investigating the technical and economic 
effectiveness o f  massjve hydraulic fracturing (MHF) techniques for enhanced gas 
recovery in the Upper Devonian Shales of the Eastern United States.  

The project area includes three wells in a 5,000 acre undeveloped t r ac t  in 
western Lincoln County, West Virginia, approximately 40 miles southwest o f  
Charleston, West Virg in ia .  In  each of these three wells, selected with remote 
sensing imagery for  proximity t o  surface fractures (1  ineaments), the total  depth 
encompasses the ent i re  Upper Devonian Shale; a sequence which contains four  
primary zones of interest .  

stimulate these twelve zones of interest  w i t h  various MHF techniques. 
inception, f ive MHF stimulation treatments have been performed using foam and 
modified water in two of the wells. The t h i r d  well i s  being reserved t o  u t i l i ze  
information learned from the f i r s t  two. 

The scope of  this  jo in t  Columbia Gas-USERDA investigation i s  to individually 
Since 

Once complete, these ongoing tes t s  can be used t o  assess the promise of large 
hydraulic fracturing treatments i n  stimulating these Shales and designing future 
treatments. 

INTRODUCTION 

The increasing demand for a l l  energy forms and particularly natural gas has 
attracted attention from industry and the Government to explore new and large historic 
and nonhistoric sources of natural gas. 

t o  as simply Devonian Shales), which underlie much o f  the Eastern States,  have 
become a specific t a r g e t  of t h i s  exploration. 
shales, estimated t o  exceed by several times the current proven gas reserves 
of the n a t i o n ,  have made them a primary interest .  
formed from muds deposited approximately 353 mill ion  years ago, are fine-grained 
w i t h  very l o w  permeability; mak ing  i t  d i f f icu l t  t o  economically produce large 
quantities of  gas from them t o  meet the natural gas demands. 

Prepared for E R D A  under Contract  No. E(46-11-8014 

The t h i c k  , hydrocarbon-bearing Upper Devonian Shales (hereafter referred 

The gas reserves locked i n  these 

Unfortunately, these shales, 
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T h e  objective of a j o i n t l y  sponsored Columbia Gas-USERDA cost-sharing 
program, i n i t i a t e d  in June, 1975 i s  t o  assess the technical and economic 
effectiveness of obtaining these large accumulations of gas w i t h  a stimulation 
technique known as massive hydraul i c  f ractur ing ( M H F ) .  

This paper presents t h i s  program, which will be concluded in 1978, and the 
research and f i e l d  operations t h a t  have transpired since i t s  i n i t i a t i o n .  

BACKGROUND OF PROGRAM 

The purpose o f  t h i s  j o i n t  Columbia Gas-USERDA program i s  t o  determine i f  
the Devonian Shales of the eastern United States  can be given primary consid- 
eration f o r  development of i t s  gas reserves by unlocking them with massive 
hydraulic f ractur ing ( M H F )  treatments. 
existing knowledge employing exis t ing f ie ld  equipment, i t  represents a n  expedi- 
ent technical solution t o  releasing these large gas reserves. 

Since the concept of M H F  i s  based on 

The scope of t h i s  program i s  t o  d r i l l ,  core and log ( for  characterization) 

Based on past d r i l l i n g  around the proposed area f o r  the program (Mingo,  

and stimulate,  with MHF techniques, the Devonian Shales in three wells. 

Lincoln and Wayne Counties of western West Virginia) ,  i t  was estimated t h a t  
the Devonian Shales in t h i s  t e s t  area range i n  thickness between 1.000 f e e t  and 
1,200 feet (refer to Figure I). 
treatment could encompass about 250 to 300 feet of shale thickness and be about 
250,000 gallons i n  f lu id  magnitude. The first well for the program, therefore, w i l l  

be used as a MHF test-bed requiring a maximum of four (4) MHF treatments designed 
for effective treatment of each zone. The selection of these zones w i l l  be based 

on the physical limitations o f  the f lu id  and the knowledge gained from the coring 
and logging program on the reservoir rocks. 

The in ten t  of the second well in this program i s  t o  create f rac ture  
extensions from a smaller shale thickness zone. These smaller zones 
will be selected i n  regions of secondary porosity (natural f rac tures )  in the 
Devonian Shales as found with core and log data.  Histor ical ly ,  over 90 percent 
o f  a l l  the wells d r i l l e d  and stimulated ( w i t h  80% gelled nitroglycerine) i n  the 
Appalachian Basin Devonian Shales have produced gas. 
and  the be t te r  producing areas of  the Basin a r e  believed t o  be associated w i t h  
the occurrence o f  natural f rac ture  systems.l 
t ion of the MHF treatments in these zones of n a t u r a l  f ractures  i s  t h a t ,  the 
induced MHF f ractures  will interconnect these gas containing natural f ractures  
and  increase the gas de l iverabi l i ty  t o  the wellbore. 
maximum of four of these zones are  t o  be hydraulically stimulated. Each t r e a t -  
ment will cover u p  t o  100 f e e t  of shale thickness and  w i l l  be on the order of 
200,000 t o  250,000 gallons.  

Therefore, due to physical factors, each MHF 

The be t te r  producing we1 1s 

The supposition w i t h  the selec- 

I n  t h i s  second well: a 

The third well in the program will  incorporate the r e s u l t s  from the f i r s t  
two wells,  which will provide design optimizations for the stimulation a n d  target  
zone select ions.  For th i s  well, a maximum of four 250,000 gallon treatments have 
been a1 1 oca ted . 

This program, therefore,  c a l l s  for  twelve MHF stimulation treatments t o  be 
performed i n  the Devonian Shales in three wells select ively chosen. 
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CRITERIA USED FOR SELECTING THE WELLS 

Since t h i s  program e n t a i l s  t h e  i n v e s t i g a t i o n  o f  a new technique i n  t h e  
Devonian Shales, Columbia Gas b e l i e v e d  t h a t  t h e  MHF program w e l l  s i t e s  would 
have t o  be c l o s e  t o  an area o f  proven Devonian Shale product ion.  This ,  i t  
was f e l t ,  was t h e  o n l y  way t o  a l l o w  a comparison o f  t h e  new MHF techn ique 's  
c a p a b i l i t i e s  o f  i n c r e a s i n g  gas product ion.  Also, t h i s  area se lec ted  would 
have t o  be near Columbia's gas g a t h e r i n g  l i n e s  t o  a l l o w  ex tens ive  produc t ion  
t e s t i n g  t o  be done t o  make t h i s  comparison. The area chosen, based on these 
c r i t e r i a ,  was t h e  "B ig  Sandy" f i e l d  of  southwestern V i r g i n i a ,  western West 
V i r g i n i a  and eastern Kentucky ( a l s o  noted on F igure  1 ) .  

A f t e r  t h e  s e l e c t i o n  o f  t h i s  general area, t h e  l o c a t i o n  of  t h e  t h r e e  
s p e c i f i c  MHF program w e l l  s i t e s  was a p a r t i c u l a r l y  d i f f i c u l t  task.  The pr imary  
problem was t o  f i n d  a r e l a t i v e l y  undeveloped t r a c t  i n  t h e  "B ig  Sandy" f i e l d  
s u i t a b l e  f o r  p o t e n t i a l  MHF exper imentat ion.  Therefore,  a r e l a t i v e l y  la rge ,  
u n d r i l l e d  area f o r  t h e  w e l l s  would have t o  be found so t h a t  a maximum r e s e r v o i r  
pressure would be encountered. 
environment would denote a v i r g i n  area o f  t h e  Devonian Shales, which would be, 
t h e o r e t i c a l l y ,  i n d i c a t i v e  o f  o t h e r  unproduced Devonian Shale areas i n  o t h e r  
p a r t s  of  t h e  u n d r i l l e d  Appalachian Basin. Therefore,  i t  was b e l i e v e d  t h a t ,  
w i t h  t h e  use o f  t h i s  paradym, we cou ld  conceivably  e x t r a p o l a t e  t h e  r e s u l t s  from 
t h i s  p a r t i c u l a r  area t o  o t h e r  s i m i l a r  areas i n  t h e  Basin. 
c r i t e r i o n  f o r  t h i s  t r a c t  i n  t h e  "B ig  Sandy" f i e l d w a s  t h a t  t h i s  area would have 
t o  be s u i t e d  f o r  the  compl icated l o g i s t i c s  i n v o l v e d  w i t h  MHF t reatments.  Since 
these t reatments r e q u i r e  a l a r g e  number o f  pumping equipment and s torage tanks, 
ample space f o r  t h e i r  placement was needed. 

Th is  maximum r e s e r v o i r  pressure type  of 

Another s e l e c t i o n  

One l a s t  c r i t e r i o n  t h a t  was s e t  f o r  t h e  s e l e c t i o n  o f  t h e  t h r e e  w e l l s  i n  
t h e  "B ig  Sandy" f i e l d  was t h a t  t h e  area of  t h e i r  l o c a t i o n  have produc t ion  i n d i -  
c a t i v e  o f  a f r a c t u r e d  r e s e r v o i r .  T r a d i t i o n a l l y ,  b e t t e r  producing Devonian Shale 
w e l l s  a r e  thought  t o  be assoc ia ted  w i t h  t h e  occurrence o f  n a t u r a l  f r a c t u r e  sys- 
t e m s , * ~ ~  y e t ,  core  samples o f  Devonian Shales p r e v i o u s l y  taken by Columbia i n  
t h e  Basin, i n d i c a t e d  t h a t  l a r g e  q u a n t i t i e s  o f  gas were i n  c l o s e  p r o x i m i t y  t o  t h e  
we l lbore  ( f rom o f f - g a s s i n g  exper iments).  
t h i s  matr ix-bound gas c o u l d  be produced through induced f r a c t u r e s .  
envis ioned, w i t h  t h e  use o f  t h i s  w e l l  s i t e  s e l e c t i o n  c r i t e r i o n ,  t h a t  FIHF would 
o f fe r  an increased probab i l  i t y  o f  communicating w i t h  t h e  gas c o n t a i n i n g  n a t u r a l  
f rac tu res  and an increased e f f i c i e n c y  o f  producing t h e  matr ix-bound gas through 
induced f r a c t u r e s  f o r  an enhanced gas recovery from t h e  shales.  

Therefore,  i t  was conceivable t h a t  
Columbia 

With cons iderab le  a n a l y s i s  o f  t h e  a v a i l a b l e  f i e l d  data,  t h r e e  t r a c t s  were 
se lec ted  i n  t h e  "B ig  Sandy" f i e l d  based on t h e  above c r i t e r i a .  
h i s t o r i e s  and spec ia l  geo log ic  maps were prepared cover ing  a 36 square-mi le range 
around each o f  these areas. 

D e t a i l e d  produc t ion  

A t  the  same t ime each of  t h e  t h r e e  t r a c t s  were being analyzed f o r  r e s e r v o i r  
pressure,  p roduc t ion  and geo log ic  data, Columbia was rev iewing  remote-sensing 
imagery i n  these areas. 
was used t o  d i s t i n g u i s h  sur face  f r a c t u r e s  ( l ineaments) .  The assumption i n  t h i s  
a n a l y s i s  i s  t h a t  these sur face  expressions a r e  m a n i f e s t a t i o n s  of underground 
f r a c t u r e  p a t t e r n s .  With t h i s  imagery, t h e  w e l l  s i t e s  were be ing  se lec ted  i n  
p r o x i m i t y  t o  these sur face 1 ineaments t o  i n t e r s e c t  t h e  n a t u r a l  f r a c t u r e  systems 
downhole t o  f u l l f i l l  t h e  above c r i t e r i o n .  

T h i s  imagery (primarilyLANDSAT, w i t h  some U-2  and SKYLAB) 
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A f t e r  analyz ing t h i s  imagery data and f i e l d  checking the  th ree  p o t e n t i a l  
areas, an undeveloped t r a c t  i n  western L inco ln  County, approximately 40 mi les  
southwest of Charleston, West V i r g i n i a  was se lec ted  f o r  the  l o c a t i o n  o f  the  
th ree  t e s t  w e l l s  (F igure 2). 
USERDA a t  the  Morgantown Energy Research Center (MERC) i n  Morgantown , 
West V i r g i n i a  f o r  review. 
operat ions commenced i n  e a r l y  1976. 

This  se lec ted  area was then submit ted t o  the  

The th ree  s i t e s  se lec ted  were approved and d r i l l i n g  

PRELIMINARY FIELD OPERATIONS 

Dril l ing of the first project wel l  (Well No. 20403) began i n  early January, 
1976. 
The total depth of each well ,  which encompassed the entire Devonian Shales, were 
3,920 feet (Well No. 20401), 4,066 feet (Well No. 20402) and 4,067 feet 
(Well No. 20403). The wells are located approximately one mi le from each 
other. 

The o r i g i n a l  cas ing program on a l l  th ree  w e l l s  cons is ted o f  approximately 
80 f e e t  o f  13-3/8 i nch  sur face casing, 2,500 f e e t  o f  9-5/8 i nch  in te rmed ia te  
s t r i n g  through the  Berea sandstone, and approximately 4,050 f e e t  o f  7 i nch  
product ion s t r i n g  casing t o  t o t a l  depth. 
on the  f i r s t  d r i l l e d  p r o j e c t  we l l ,  t h i s  o r i g i n a l  product ion s t r i n g  cas ing 
program f o r  t h i s  w e l l  was modif ied.  During t h e  cementing operat ions of Well 
No. 20403, l o s t  c i r c u l a t i o n  occurred i n  the  shale a t  approximately 3,780 feet.  
Therefore, t o  cement the  r e s t  o f  t he  shale, a two stage "a i r -ba lance"  cement 
j o b  was performed above t h i s  l o s t  c i r c u l a t i o n  zone. A f t e r  these stages were 
completed, a squeeze cement j o b  was attempted on the  l o s t  c i r c u l a t i o n  zone. 
This  t reatment f a i l e d  t o  s e a l - o f f  t he  pe r fo ra t i ons  
casing was run  i n s i d e  t h e  7 i nch  cas ing i n  o rder  t o  perform the  planned 
f r a c t u r i n g  t reatments below t h i s  l o s t  c i r c u l a t i o n  zone. 
o r i g i n a l  product ion s t r i n g  design f o r  the  remaining two w e l l s  (Well No. 20401 
and Well No. 20402). 
casing t o  a l l o w  a t h i c k e r  cement sheath behind the  cas ing i n  the  8-3/4 i nch  
d r i l l e d  hole.  This  was done t o  preclude downhole casing problems, i n  case o f  
abnormal pressures t h a t  might  a r i s e  dur ing  the  f r a c t u r i n g  t reatments.  

and t reatment  design, Columbia f e l t  i t  very impor tant  t o  core, i n  a t  l e a s t  one 
we l l ,  the  e n t i r e  Devonian Shale column. Also, i t  was f e l t ,  t h i s  core should be 
supplemented w i t h  a complete s u i t e  o f  l ogs  i n  a l l  th ree  p r o j e c t  we l ls .  
No. 20403 was cored throughout the  e n t i r e  Devonian Shale column. I n  t h i s  w e l l  
a t o t a l  o f  1,335 f e e t  ( f rom 2,720 f e e t  - 4,055 f e e t )  o f  shale was cored. 
second p r o j e c t  we l l  d r i l l e d  (Well No. 20401) was no t  cored due t o  the excessive 
shale th ickness encountered i n  Well No. 20403; which was almost tw ice  as t h i c k  
as o r i g i n a l l y  budgeted for.  Las t l y ,  t he  t h i r d  p r o j e c t  we l l  d r i l l e d  (Well No. 
20402) was s e l e c t i v e l y  cored f o r  a t o t a l  o f  610 f e e t  i n  the  shales where addi-  
t i o n a l  d e t a i l e d  in format ion was be1 ieved important (h igher  gas content zone). 
These h igh  gas content zones were based upon o f f -gass ing  t e s t s  from the  core 
taken i n  Well No. 20403. 

By the end of March, 1976, all three project wells were dri l led and cased. 

Due t o  cementing problems encountered 

i n  the  zone, and 4-1/2 i nch  

Also modif ied was the  

I n  these we l l s ,  the  7 i nch  casing was changed t o  5-1/2 inch  

I n  order  t o  f u l l y  charac ter ize  the  Devonian Shales f o r  resource d e l i n e a t i o n  

Well 

The 

A l l  o f  the cores ex t rac ted  from both w e l l s  were o r ien ta ted  every two fee t  
f o r  c o r r e l a t i o n  t o  na tu ra l  surface f r a c t u r e  o r i e n t a t i o n  obta ined from remote 
sensing i n t e r p r e t a t i o n .  Coring time, w i t h  o r i e n t a t i o n ,  averaged about 100 fee t  
every 24 hours. S t i f f  foam was used as the  c r i n g  medium because of t h e  appar- 
ent  water s e n s i t i v i t y  o f  t he  Devonian Shales.' With t h e  use o f  t h i s  f l u i d ,  
minimal problems were encountered. 
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A f t e r  t h e  r e s p e c t i v e  w e l l s  were d r i l l e d  and cored, l o g s  were r u n  f o r  f u r t h e r  
Devonian Shale eva lua t ion .  
designed around bo th  d ry -ho le  and wet-hole logs.  The f l u i d  used t o  accomplish 
the  wet-hole l o g s  was a 3% KC1 water  system w i t h  s t a r c h  f o r  f l u i d  l o s s  c o n t r o l .  
Table I i l l u s t r a t e s  t h e  type o f  l o g s  used i n  the  l o g g i n g  program f o r  t h e  t h r e e  
w e l l s .  
and f r a c t u r e  d i s t r i b u t i o n  i n  t h e  Devonian Shales. 

The b a s i c  l o g g i n g  program f o r  t h e  t h r e e  w e l l s  was 

Th is  s u l t e  of logs  was r u n  t o  more f u l l y  d e f i n e  t h e  gas d i s t r i b u t i o n  

U n l i k e  t h e  c o r i n g  operat ions,  problems were encountered w i t h  t h e  sha le  
b reak ing  down when we at tempted t o  l o a d  t h e  e n t i r e  h o l e  w i t h  f l u i d  d u r i n g  wet- 
h o l e  l o g g i n g  opera t ions .  However, once f l u i d  l e v e l s  were mainta ined a t  
approx imate ly  2,100 fee t ,  t h e  shale s t a b i l i z e d  and t h e  wet-hole l o g s  were a b l e  
t o  be r u n  w i t h  minimal problems. 

ASSOCIATED RESEARCH INVESTIGATIONS 

I n  a s s o c i a t i o n  w i t h  Columbia Gas , o t h e r  o r g a n i z a t i o n s  have been i n c o r p o r a t e d  
i n t o  t h e  MHF program. F i g u r e  3 presents  these o t h e r  o r g a n i z a t i o n s  and t h e i r  
funct ions i n  t h e  program. It i s  beyond t h e  scope o f  t h i s  paper t o  d iscuss t h e i r  
s p e c i f i c  func t ions  i n  any d e t a i l ,  however, i n  general ,  the  m a j o r i t y  of these 
o r g a n i z a t i o n s  a r e  i n v o l v e d  i n  Devonian Shale core s tud ies .  
i n c l u d e  examining t h e  cores f o r  minera logy,  o rgan ic  carbon conten t  , t r a c e  element 
composit ion, maturat ion,  phys ica l  p r o p e r t i e s  ( i n c l u d i n g  rock mechanics) , MHF 
design, e t c .  The f i n a l  outcome o f  these i n v e s t i g a t i o n s  w i l l  be an assessment o f  
t h e  c h a r a c t e r i z a t i o n  and resource d e l i n e a t i o n  o f  t h e  Devonian Shales. 

These core  s t u d i e s  

I n  con junc t ion  w i t h  these organ iza t ions ,  Columbia i s  a l s o  per forming core 

As cores 

A f t e r  a few 

s tud ies  on t h e  Devonian Shales. Our endeavors i n  these s t u d i e s  have centered 
around free-gas measurements o f  t h e  shale ( o f f - g a s s i n g  exper iments) .  
were p u l l e d  from t h e  w e l l  they  were preserved on l o c a t i o n  by s e a l i n g  them i n  
metal c a n i s t e r s  and brought  t o  t h e  l a b  f o r  f ree-gas measurements. 
weeks i n  t h e  l a b ,  t h e  d i f f u s i o n  o f  gas through these t i g h t  Devonian Shale cores 
became q u i t e  ev ident  as t h e  metal  c a n i s t e r s  s t a r t e d  t o  deform from i n t e r n a l  
pressure. This  phenomena was apparent i n  a l l  t h e  c a n i s t e r s  (every f i f t h  f o o t  of 
core) ,  denot ing t h a t  gas was e v o l v i n g  from t h e  e n t i r e  shale column. The f ree gas 
re leased f rom these cores was then measured and these data a re  presented i n  
F igure 4. From t h i s  graph i t  can be seen t h a t  a l l  o f  t h e  sha le  has some f r e e  gas 
evolv ing,  w i t h  t h e  h i  her  values i n  t h e  r i c h  o rgan ic  sec t ions  ( b l a c k  shales f rom 
l i t h o l o g y  d e s c r i p t i o n ? .  These r e s u l t s  a re  very  impor tant  f rom the  s tandpo in t  o f  
p o t e n t i a l  f ree gas reserve est imates and o r i g i n a l  gas i n  p lace  est imates.  

i n v o l v e d  w i t h .  
Shale p r o j e c t  w e l l s ,  as prepared by Columbia's g e o l o g i s t s .  These cross-sect ions 
of each w e l l  were p r i m a r i l y  based on l o g  in fo rmat ion ,  w i t h  some core  in fo rmat ion  
(as i n d i c a t e d )  used t o  d e f i n e  the  zones o f  v e r t i c a l  f r a c t u r e s .  From t h e  l o g  
ana lys is ,  t h e  f i g u r e  shows t h a t  s i x  separate zones (Upper-Middle-Lower Gray Shales 
and Upper-Middle-Lower Brown Shales) e x i s t  i n  t h e  Devonian Shales i n  t h e  area of  
L i n c o l n  County, West V i r g i n i a .  Also, i t  i l l u s t r a t e s  t h a t  a l though these separate 
zones remain of  t h e  same th ickness  i n  t h e  o f f s e t  w e l l s  (approx imate ly  one m i l e  
a p a r t )  t h e  gas d i s t r i b u t i o n  ( f rom s i b i l a t i o n  l o g s )  and t h e  v e r t i c a l  f r a c t u r e  
d i s t r i b u t i o n  (observed f rom cores e x t r a c t e d )  vary  f rom one o f f s e t  w e l l  t o  he 
o t h e r .  Th is  c l e a r l y  demonstrated t o  Columbia the  need and importance o f  a complete 
a n a l y s i s  of each Devonian Shale w e l l  i n  t h e  program t o  enable s e l e c t i v e  s t  m u l a t i o n  
t reatments.  

F igure  5 i l l u s t r a t e s  another  aspect o f  t h e  Devonian Shales Columbia has been 
This  f i g u r e  summarizes t h e  geo log ic  f i n d i n g s  o f  the  t h r e e  Devonian 
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MHF TREATMENTS 

Since th i s  joint  Columbia Gas-USERDA program began, f ive operationally 
successful MHF stirnulation treatments have been performed in the Devonian 
Shales in two of  the project wells. 
and volumes of f luid a n d  sand used in these treatments, Tables I1 (Well No. 
20403) a n d  I11 (Well No. 20401) are presented t o  i l l u s t r a t e  these values 
a long  with other information found.  

Rather t h a n  laboriously s ta te  the types 

T h e  procedures f o r  performing each o f  these treatments included: 
ating the log and core information available for zone selection; perforating 
the zones as selected; breaking down the zones with H C e  acid for wellbore 
damage removal ; obtaining pre-treatment open flows; pre-frac reservoir t e s t -  
ing the zones ( t o  o b t a i n  i n i t i a l  values of flow capacity, reservoir pressure 
and assess we1 lbore damage); treatment design; execution and clean-up; o b t a i n -  
ing a f te r  treatment open flows; and l a s t l y ,  post-frac reservoir testing of  
each zone ( t o  obtain f i n a l  flow capacity, reservoir pressure and wellbore 
damage values t o  compare t o  pre-frac t e s t  values). Pertinent information 
found d u r f n g  these procedures i s  also l is ted in Tables I1 and I11 f o r  each 
zone treated in the two wells. 

evalu- 

I n  Table 11, the volumes of f luid a n d  the treatment application param- 
e ters  found i n  three MHF foam type treatments performed in three separate 
zones i n  Well No. 20403 are  i l lustrated.  As mentioned ea r l i e r ,  the basic 
program called f o r  the treatment of the ent i re  shale column in one well; how- 
ever, because of an excessive amount of shale encountered, 1,335 feet rather 
t h a n  the  1 ,000 feet  anticipated, th i s  plan was modified because o f  budgetary 
restr ic t ions.  Rather, the three zones treated (respectively labeled Zone 1 ,  
Zone 2 and Zone 3 in Table 11) were selected based on log a n d  core d a t a  
depicting gas containment zones. The specific depths selected and perfora- 
ted are given in Table 11. 

The use of foam as a fracturing f luid in Ne11 NO. 20403 came about  a f t e r  
reviewing various f r a c  proposals prepared by the Service Companies from b o t h  
a technical and economic viewpoint. I n  view of the potential clean-up prob- 
lems i n  th is  low pressure reservoir (found from pre-frac testing t o  be abou t  
250 p s i ) ,  i t  was decided t o  t r y  foam-fracing because of i t s  beneficial "energy- 
ass is t"  mechanism by injecting gaseous nitrogen in the f luid.  
time, i t  was also decided t o  use foam i n  the stimulation of a l l  f o u r  zones i n  
Well No. 20403. I t  was f e l t ,  by ut i l iz ing essentially the same frac fluid and  
the same design on a l l  Tour zones, direct comparisons of production results 
with our  in-pl ace free-gas measurements from the cores could be accompl i shed. 
The volumes of foam used in these treatments were based on an  approximate 
1,000 gallons per perforated foot basis for each zone. 

A t  the same 

I n  Table 111, the volumes o f  f luid and  the treatment application p a r a -  
meters f o u n d  in two types o f  MHF treatments performed in two separate zones 
in Well No. 20401 are i l lus t ra ted .  Since the basic program scheduled one 
well fo r  treatments t o  extend induced fractures from a smaller treatment 
zone (100 f ee t )  t o  intersect natural fractures,  the two zones in th i s  well 
were selected with this  cri terion from l o g  information. Resistivity cross- 
plots (as i l lustrated i n  Figure 5 )  were used t o  determine the probable 
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h i g h e r  permeable zones; i .e . ,  zones o f  n a t u r a l  f r a c t u r e  concentrat ions,  which 
produce secondary p o r o s i t y  zones. 
and p e r f o r a t e d  a r e  g iven i n  Table 111. 

i n  Well  No. 20401 u t i l i z e d  a f r a c  f l u i d  c o n s i s t i n g  of g e l l e d  (guar gum) water.  
The choice of us ing  a g e l l e d  water  t y p e  t reatment  i n  t h e  shaleswss based upon: 
( 1 )  t h e  need f o r  a comparison o f  i t s  e f f e c t i v e n e s s  as measured aga ins t  t h e  
r e s u l t s  o f  t h e  foam-type t reatments and, ( 2 )  i t s  present  p o p u l a r i t y  w i t h  producers 
us ing  i t  i n  o t h e r  r e s e r v o i r s  throughout t h e  i n d u s t r y ,  because o f  i t s  a t t r a c t i v e  
economics and pas t  e f f e c t i v e n e s s .  However, due t o  an excessive c lean-up t i m e  
exper ienced a f t e r  t h i s  f i r s t  ge l led-water  t reatment  (5 months t o  recover  o n l y  
36% of t h e  f l u i d  used), t h e  t reatment  t y p e  used on t h e  second zone i n  t h i s  w e l l  
(Middle Brown Shale) was modi f ied.  
head component f o l l  owed by a ge l  1 ed water  component, w i t h  n i t r o g e n  pumped 
throughout t h e  t reatment  f o r  an "energy-assi  s t "  mechanism f o r  f a s t e r  recovery.  
The volume r a t i o  o f  t h e  g e l l e d  water  Component t o  foam component was about 7 t o  1. 
This  t y p e  o f  t reatment  was l a b e l e d  a m o d i f i e d  water MHF by Columbia and i t s  
components a r e  l i s t e d  i n  Table 111. 

The s p e c i f i c  depths o f  t h e  zones s e l e c t e d  

The f i r s t  MHF t reatment  o f  t h e  lowermost shale zone (Lower Brown Shale) 

This  second t reatment  i n c l u d e d  a foam spear- 

The sand schedule f o r  t h e  f i v e  t reatments performed thus  f a r  u t i l i z e d  
t h e  i n j e c t i o n  of 80/100 mesh sand, t o  s e a l - o f f  m i c r o f r a c t u r e  
e n t  i n  t h e  Devonian Shales and thus  m i n i m i z i n g  f l u i d  leakof f$ ,  fo l lowed by 
t h e  i n j e c t i o n  o f  20/40 mesh sand f o r  maximum propped f r a c  h e i g h t .  
umes o f  sand and t h e  peak concent ra t ions ,  i n  pounds p e r  g a l l o n  (ppg) , emplaced 
i n  each t reatment  i s  g iven i n  Tables I 1  and 111. 

b e l i e v e d  pres- 

The v o l -  

Also inc luded i n  Tables I 1  and I11 a r e  t h e  clean-up t imes r e q u i r e d  f o r  
the  f rac f l u i d  recovery o f  each t reatment  and t h e  percentages recovered a f t e r  
these t reatments.  The most imnediate e f f e c t i v e n e s s  o f  a f r a c t u r i n g  t reatment  
t h a t  can be moni tored f o r  comparison i s  t h e  clean-up t ime;  t h a t  i s ,  t h e  
3mount of  t ime a f t e r  turnaround necessary f o r  gas produc t ion .  I n  t h e  case 
of t h e  t reatments performed i n  t h e  program, t h i s  t i m e  was cu t -o f f  when the 
gas was f l o w i n g  f r e e  o f  f l u i d  and a lso ,  t h e  gas was f l o w i n g  a t  a s u f f i c i e n t  
r a t e ,  w i t h o u t  drowning out ,  t o  a l l o w  a constant  te rmina l  r a t e  pressure ana l -  
y s i s  (on t h e  o r d e r  o f  20 Mcfd because o f  f l o w  gau e l i m i t a t i o n s ) .  It may be 
mentioned here t h a t  reduced clean-up t imes a r e  be 7 ieved a necess i ty  i n  t h e  
Devonian Shales because o f  t h e  reduced r e l a t i v e  p e r m e a b i l i t y  t o  gas c rea ted  by 
the c a p i l l a r y  r e t e n t i o n  o f  the  imbibed f r a c t u r i n g  f l u i d s ,  and n o t  n e c e s s a r i l y  
a necess i ty  because o f  c l a y  problems ( s w e l l i n g  and m i g r a t i o n ) .  

PRODUCT I ON RESULTS 

For p r e l  im inary  comparisons , measurements o f  gas volume open f lows be fore  
and a f t e r  t h e  MHF t reatments were obta ined.  It should be noted here t h a t  
Columbia does n o t  recommend u s i n g  these " i n i t i a l "  pre-  and p o s t - f r a c  open 
flows as  i n d i c a t o r s  o f  t h e  MHF's e f f e c t i v e n e s s  on increased gas produc t ion ,  
because o f  t h e i r  i n c o n s i s t e n t  behavior  i n  t h e  Devonian Shales. Rather, based 
on pas t  exper ience w i t h  t h e  Devonian Shales, we f e e l  a more r e l i a b l e  i n d i -  
c a t o r  i s  t h e  use o f  d e c l i n e  curve analyses, i n  which gas produc t ion  i s  moni- 
t o r e d  f o r  a t  l e a s t  t h r e e  years t o  a r r i v e  a t  (by e x t r a p o l a t i o n )  t h e  p o t e n t i a l  
p roduc t ion  increases r e s u l t i n g  from each t reatment .  However, i n  l i e u  o f  t h i s ,  
these "shor t - te rm"  open f lows obta ined be fore  and a f t e r  each t reatment  do 
serve as i n d i c a t o r s  o f  t h e  presence o f  gas i n  t h e  shales o r  as we have 
r e c e n t l y  found, as i n d i c a t o r s  o f  p o s s i b l e  f r a c t u r e  communication i n  the  shales.  
Therefore,  these pre-  and p o s t - f r a c  open f lows w i l l  be presented For i l l u s -  
t r a t  i on. 
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For instance,  i n  t h e  p r o j e c t  Well No. 20403, t h e r e  was no measurable open 
f low before t h e  MHF foam treatrnent on i t s  f i r s t  zone, which i nc ludes  a l l  o f  
t h e  Lower Brown Shale and a p o r t i o n  o f  t h e  Lower Gray Shale ( r e f e r  t o  F iqu re  5 
f o r  pe rspec t i ve  of l o c a t i o n  i n  sha le  column). A f t e r  t h e  foam t reatment ,  t h e  
t o t a l  hydrocarbon f l o w  r a t e  rose t o  110 Mcfd; a f t e r  t h e  p roduc t i on  o f  t h e  n i t r o -  
gen used i n  t h e  t rea tment  ceased. Therefore,  t h i s  open f l o w  i n d i c a t e d  t o  us t h a t  
gas i s  p resent  i n  these lower  sec t i ons  o f  t h e  Devonian Shales, which i n  t h i s  por-  
t i o n  of t h e  Basin have never been a p r e l i m i n a r y  t a r g e t  f o r  s t i m u l a t i o n .  

Upon p e r f o r a t i n g  and break ing  down t h e  second zone i n  t h i s  w e l l  (Fl iddle 
Due t o  t h i s  open f l o w ' s  Brown Shale), an open f low o f  95 Mcfd was measured. 

anomalous p r o x i m i t y  t o  t h e  f i r s t  zone's open f l o w  (110 Mcfd),  a pressure 
i n te r fe rence  t e s t  was conducted t o  i n v e s t i g a t e  f o r  communication ( f r a c t u r e  
i n ig ra t i on )  between t h e  two zones. 
t og raph ic  composi t ion a n a l y s i s  o f  gas samples ob ta ined f rom both  zones was con- 
ducted f o r  comparison. 
t i o n  a n a l y s i s  showed comnunicat ion between t h e  two zones, as was o r i g i n a l l y  i n d i -  
ca ted  by the  open f l ow .  
drop w i t h i n  24 hours i n  t h e  un t rea ted  second zone, w h i l e  producing t h e  t r e a t e d  
zone, and an i d e n t i c a l l y  h i g h  n i t r o g e n  concen t ra t i on  i n  bo th  the  gas samples 
analyzed from t h e  t r e a t e d  and un t rea ted  zones. Wi th  these r e s u l t s ,  i t  was e v i -  
dent  t h a t  t h e  MHF foam t rea tment  conducted on t h e  f i r s t  zone propagated some 
199 fee t  v e r t i c a l l y ,  i n t o  t h e  un t rea ted  second zone. 
MHF foam t reatment  on t h e  second zone t h a t  f o l l owed ,  a d i v e r t i n g  agent (benzoic 
a c i d )  was used i n  t h e  t r e a t i n g  f l u i d  t o  b r i d g e - o f f  t h e  downward growth o f  t he  
f r a c t u r e  i n t o  the  lower  zone a l ready  t r e a t e d .  The i n i t i a l  open f low recorded 
from t h i s  second zone a f t e r  i t s  t rea tment  was 200 Mcfd. 

I n  con junc t i on  w i t h  t h i s  pressure t e s t ,  chroma- 

Both t h e  pressure i n t e r f e r e n c e  t e s t  and t h e  gas composi- 

The evidences were a one-hundred (100) p s i g  pressure 

Therefore, du r ing  t h e  

Subsequently, t h e  t h i r d  zone i n  t h i s  w e l l  ( i n c l u d i n g  a p o r t i o n  o f  t h e  

However, based on t h e  

Midd le  Gray Shale and a l l  o f  t h e  Upper Brown Shale) was p e r f o r a t e d  and broken 
down and an i n i t i a l  open f l o w  o f  103 Mcfd was gauged, which i s  s u b s t a n t i a l l y  
low enough t h a t  communication was n o t  suspected. 
exper ience of t h e  lower  zones, a p ressure  i n t e r f e r e n c e  t e s t  and a gas composi- 
t i o n  a n a l y s i s  were conducted. T h e i r  r e s u l t s  showed t h a t  comnunicat ion wasn ' t  
present ,  i n d i c a t i n g  t h i s  open f l o w  o f  gas t o  be " v i r g i n "  f rom t h i s  sec t i on  of 
t he  shale.  
t h i r d  zone, a d i v e r t i n g  agent was used t o  prevent  f r a c t u r e  m i g r a t i o n  downward 
i n  t h e  zones p r e v i o u s l y  t rea ted .  As o f  t h e  t ime  t h i s  paper was w r i t t e n ,  t h i s  
t h i r d  zone was s t i l l  c lean ing  up and approx imate ly  30% o f  t h e  water  used has 
been recovered. 
Mcfd. 

Nevertheless,  as a safeguard, du r ing  t h e  foam t reatment  of  t h e  

The open f l o w  a f t e r  17 days o f  c lean-up was gauged a t  117 

I n  t h e  o t h e r  p r o j e c t  we l l  (No. 20401), t h e r e  was no measurable open f low 
p r i o r  t o  t h e  MHF g e l l e d  water  t rea tment  performed on t h i s  w e l l ' s  f i r s t  zone 
(Lower Brown Shale; a l so  r e f e r  t o  F igure  5 ) .  A f t e r  t h i s  t rea tment  and an 
extended clean-up t ime  o f  7 months, t h e  open f l o w  was gauged a t  110 Mcfd. 
Upon p e r f o r a t i o n  and breakdown o f  t h e  second zone (Middle Brown Shale) ,  t he re  
was a l s o  no apprec iab le  f l o w ;  l e a d i n g  us t o  b e l i e v e  t h e r e  was no f r a c t u r e  
induced communication between t h e  two zones, Subsequently, a pressure i n t e r -  
ference t e s t  conducted r e i n f o r c e d  t h i s  b e l i e f .  A t  t h e  t ime  t h i s  paper i s  
being prepared, t h e  second zone was c lean ing  up a f t e r  t h e  m o d i f i e d  MHF g e l l e d  
water t rea tment  was performed. Pre l  im ina ry  data show t h a t  approx imate ly  57% 
of  t h e  f l u i d  used f o r  t h e  t rea tment  has been recovered a f t e r  o n l y 1 6  days. 
This  i s  a markedly reduced r e t u r n  t ime  o f  t h e  f l u i d  as compared t o  t h e  lower  
zone t r e a t e d  i n  t h i s  w e l l  ( 5  months t o  r e t u r n  o n l y  36%). 
these 16 days was gauged a t  119 Mcfd. 

The open f l o w  a f t e r  



RESERVOIR TESTING RESULTS 

I n  an at tempt  t o  d e f i n e  t h e  improvement o f  t h e  MHF t rea tmen ts  on each 
zone, pre-  and p o s t - f r a c  r e s e r v o i r  t e s t s  were conducted t o  e s t a b l i s h  f low 
c a p a c i t y  ( k h )  , p e r m e a b i l i t y  (k), s k i n  e f f e c t  ( S )  and e f f e c t i v e  f r a c t u r e  
l e n g t h  (2x ) f o r  comparison. These t e s t s  c o n s i s t e d  o f  approx imate ly  one 
week o f  drgwdown ( f l o w i n g  t h e  w e l l  a t  a cons tan t  r a t e )  and two weeks of 
b u i l d u p  ( s h u t t i n g  t h e  w e l l  i n ) .  
t e s t s  was a f l o w  r a t e  o f  no l e s s  than 20 blcfd, because o f  t h e  f low gauge 
r e s t r i c t i o n s .  

The l i m i t i n g  f a c t o r  f o r  conduct ing these 

These t e s t s  were conducted by Columbia, and t h e  data ob ta ined  compi led 
and submi t ted t o  H. K. van Poo l l en  and Associates o f  L i t t l e t o n ,  Colorado 
(sub-contracted r e s e r v o i r  eng inee r ing  c o n s u l t a n t s  i n  t h e  program) f o r  t h e i r  
a n a l y s i s .  Table I V  presents  t h e i r  t e s t  a n a l y s i s  r e s u l t s  f o r  t h e  f i r s t  two 
zones i n  Well  No. 20403. Several types o f  analyses were used t o  c a l c u l a t e  
these r e s u l t s ,  which i n c l u d e d  t h e  i n t e r p r e t a t i o n  o f  1 i n e a r ,  s p h e r i c a l  trnd 
pseudo-radia l  f l o w  regimes d u r i n g  t h e  t e s t s .  

As i l l u s t r a t e d  i n  Table I V Y  p re -  and p o s t - f r a c  da ta  f o r  t h e  f i r s t  zone 
i n  Well No. 20403 were n o t  adequate because o f  a f a i l u r e  i n  t h e  p r e s s u r e r e c o r d i n g  
device,  and a complete a n a l y s i s  c o u l d  n o t  be performed. 
t h e  f l o w  t e s t  suggests t h e  p o s s i b i l i t y  o f  a p e r m e a b i l i t y ( k ) ,  i n  t h e  range of 
0.05 t o  0.10 md a f t e r  t h e  t rea tmen t  o f  t h i s  zone. 

However, a n a l y s i s  of 

As mentioned e a r l i e r ,  i n t e r f e r e n c e  t e s t i n g  i n d i c a t e d  t h a t  t h e  f r a c t u r e  
generated by t h e  f i r s t  foam t rea tmen t  m i g r a t e d  v e r t i c a l l y  i n t o  t h e  second pe r -  
f o ra ted  i n t e r v a l  (3,409 f e e t  t o  3,651 f e e t ) ,  r e s u l t i n g  i n  communication between 
t h e  s e t s  of p e r f o r a t i o n s .  Therefore,  t h e  c o n t r i b u t i n g  i n t e r v a l  d u r i n g  t h e  
pre-  and pos t - f rac  t e s t i n g  o f  t h e  second zone was n o t  e x a c t l y  known. I n  o r d e r  
t o  d i s t i n g u i s h  t h i s  u n c e r t a i n t y ,  van Poo l l en  and Associates examined two l i m -  

. i t i n g  cases. Case I (as i l l u s t r a t e d )  assumes gas p r o d u c t i o n  d u r i n g  t h e  t e s t -  
i n g  was coming o n l y  f rom t h e  second p e r f o r a t e d  zone ( h  = 205 f e e t ) .  I n  Case 
11, they  assume t h a t  t h e  gas p r o d u c t i o n  i s  coming f rom b o t h  p e r f o r a t e d  zones 
and t h e  i n t e r v a l  i n  between (3,409 f e e t  - 4,031 f e e t ,  h = 622 f e e t ) .  

The r e s u l t s  f rom t h e  t e s t i n g  o f  t h e  second zone show, f rom bo th  cases, 
t h a t  t h e  e f f e c t i v e  p e r m e a b i l i t y ,  ( k ) ,  o f  t h e  p o r t i o n  o f  t h e  sha le  r e s e r v o i r  
i n v e s t i g a t e d ,  i s  i n  t h e  range o f  0.03 t o  0.44 md. 
p l o t  o f  t h e  p r e - f r a c  pressure t e s t  data,  t h e  n e g a t i v e  s k i n  e f f e c t  ( S )  va lues 
o f  -4.3 (Case I )  and -4.1 (Case 11) i n d i c a t e  improvement o f  near  w e l l b o r e  
c o n d i t i o n s .  These improvement i n d i c a t o r s  a r e  p robab ly  due t o  t h e  v e r t i c a l  
e x t e n t  o f  t h e  f r a c t u r e  f rom t h e  f i r s t  zone moving up i n t o  t h i s  second zone 
and removins i t s  w e l l b o r e  damaqe. Also. a f t e r  t h e  second t rea tmen t ,  these 

Also,  f rom t h e  Horner 

w e l l b o r e  c o i d i t i o n s  ( S )  were o i l y  s l i g h t l y  improved t o  -4.9 (Case I )  and -4.75 
(Case 11) .  

Another impor tan t  purpose o f  these t e s t  analyses i s  t o  determine t h e  e f f e c t -  
i v e  f r a c t u r e  l e n g t h  (2x f )  c r e a t e d  by these MHF t rea tmen ts .  
i n g  s p e c i f i c a l l y  a t  t h e  Horner p l o t  a n a l y s i s ,  t h e  p r e - f r a c  t e s t  data i n  
Table I V  i n d i c a t e  t h a t  t h e  e f f e c t i v e  f r a c t u r e  l e n g t h  ( 2 x f )  i s  86 f e e t  i n  Case I 
( f low  f rom one zone o n l y )  o r  72 f e e t  i n  Case I 1  ( f l o w  f rom whole i n t e r v a l  
between zones. Once again,  these f r a c  1 engths p robab ly  rep resen t  t h e  1 a t e r a l  
e x t e n t  of t h e  f i r s t  f r a c t u r e  i n  Zone 1 .  
of t h e  second zone, these e f f e c t i v e  f r a c  l e n g t h s  grew t o  156 f e e t  (Case I) o r  

Once again,  l o o k -  

Subsequently, a f t e r  t h e  MHF t rea tmen t  
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136 f e e t  (Case II), as i l l u s t r a t e d  by t h e  p o s t - f r a c  t e s t  data.  
t h i s  r e s u l t e d  i n  a lmost  t w i c e  t h e  e f f e c t i v e  su r face  area a v a i l a b l e  f o r  gas 
f l o w  from t h e  r e s e r v o i r ,  i n  e i t h e r  case used. 
increase i n  open f l o w ,  f rom 95 Mcfd be fo re  t h e  t reatment  t o  200 Mcfd a f t e r  t h e  
t reatment  , r e f l e c t s  t h i s  i nc rease  i n  e f f e c t i v e  su r face  area. However, t hese  
e f f e c t i v e  f r a c  l e n g t h  va lues obta ined,  accord ing t o  t h e  t e s t  r e s u l t s ,  a r e  s i g -  
n i f i c a n t l y  l o w e r  than  t h e  p r e d i c t e d  760 f e e t  f rom t h e  C a r t e r  equat ’on used by 
t h e  Serv i ce  Companies t o  determine t h e  a rea l  e x t e n t  o f  a f r a c t u r e .  

Acco rd ing l y  

I n  t h e  second zone, t h e  observed 

b 
The t e s t  r e s u l t s  f o r  t h e  t h i r d  zone s t i m u l a t e d  i n  Well No. 20403 and t h e  

two zones t r e a t e d  i n  Well  No. 20401 were n o t  a v a i l a b l e  f o r  p r e s e n t a t i o n  i n  
t h i s  paper. 

SUMMARY 

Since t h e  i n i t i a t i o n  o f  t h i s  Columbia Gas-USERDA program, t h r e e  Devonian 
Shale w e l l s  have been s e l e c t e d  u s i n g  va r ious  a r e a l  topography and p r o d u c t i o n  
c r i t e r i a  i n  L i n c o l n  County, West V i r g i n i a .  
d r i l l e d ,  cored ( s e l e c t i v e l y )  and logged. 

Also,  these w e l l s  have been 

From t h e  cores e x t r a c t e d ,  o f f - g a s s i n g  exper iments were performed which 
i n d i c a t e  free-gas i s  p resen t  throughout  t h e  e n t i r e  Devonian Shale column i n  
t h i s  geographic area. 
o r g a n i z a t i o n s  i s  be ing  conducted f o r  c h a r a c t e r i z a t i o n  and resource d e l i n e a t i o n  
o f  t h e  Devonian Shales. 

Cont inued research on t h e  cores by Columbia and o t h e r  

Wi th t h e  s u i t e  o f  l o g s  run  i n  t h e  t h r e e  p r o j e c t  w e l l s ,  c ross -sec t i ons  of 
t h e  Devonian Shales i n  t h i s  geographic area have been prepared. These c ross -  
sec t i ons  d e p i c t  s i x  1 i t h o l o g i c a l l y  d i f f e r e n t  s e c t i o n s  (zones) i n  t h e  Devonian Shales. 

Based on t h e  co re  and l o g  da ta  a v a i l a b l e ,  f i v e  zones i n  two w e l l s  have 
been s e l e c t e d  and s t i m u l a t e d  w i t h  MHF techniques.  
have been s t i m u l a t e d  w i t h  t h e  same f l u i d ,  namely, foam. The o t h e r  two zones 
have been s t i m u l a t e d  u s i n g  g e l l e d  water  i n  one zone and a foam-gel led water  
t y p e  i n  t h e  o t h e r  zone. Therefore,  acco rd ing  t o  t h e  bas i c  program schedule, 
seven more zones have t o  be s e l e c t e d  and t r e a t e d ;  f o u r  o f  which w i l l  be p r e -  
v i o u s l y  found o p t i m i z a t i o n s  f o r  use i n  t h e  t h i r d  w e l l .  

These zones i n  one w e l l  

P roduc t i on  r e s u l t i n g  f rom t h e  zones s t i m u l a t e d  thus  f a r  i n d i c a t e s  t h a t  gas 

Furthermore, r e s e r v o i r  t e s t i n g  o f  two zones i n  one w e l l  i n d i -  
i s  d e f i n i t e l y  present  i n  zones o f  t h e  shale t h a t  have never been h i s t o r i c a l l y  
produced be fo re .  
cates t h i s  p roduc t i on  has r e s u l t e d  f rom v e r t i c a l  f r a c t u r e s  extending l a t e r a l l y  
between 136 t o  156 f e e t .  
f i v e  t imes s m a l l e r  t han  p r e d i c t e d  w i t h  t h e  use o f  these massive volumes of  
f l  u i  d. 

T h i s  e f f e c t i v e  f r a c t u r e  l e n g t h  i s  on t h e  o r d e r  o f  

NOMENCLATURE 

BPM = b a r r e l s  p e r  m inu te  
h = h e i g h t  

k = permeabil  i t y  
kh = f l o w  c a p a c i t y  

ISIP = instantaneous s h u t - i n  pressure 

Mcfd = thousands o f  c u b i c  f e e t  p e r  day (gas f l o w )  
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md = m i l l i d a r c y  
N = n i t r o g e n  

pp$ = pound per  g a l l o n  

Scf  = s tandard cub ic  f e e t  
S = s k i n  f a c t o r  

Sg = gas s a t u r a t i o n ,  i n  percent  
f r a c t u r e  l e n g t h  on one wing 
e f f e c t i v e  f r a c t u r e  l e n g t h  

= p o r o s i t y ,  i n  percent  
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SUMMARY OF 
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TABLE I 

ZONE ZONE 1 ZONE 2 

LOGGING PROGRAM FOR 3 TEST WELLS 
II COLUtlBIA GAS/USEROA 

DEVONIAN SHALE-HHF PROGRAM 

ZONE 3 

TABLE I 1  

VOLUME AND OF MHF TREATMENT FOAM FRACS PARAMETERS 

PERFORMEO ON WELL NO. 2M03 

~~ 

TREATMENT DATE 

TREATMENT TYPElQUALITY 

Dry-Hole Logs Consisted o f :  

Formation Densi ty C a -  
pensated Log (FOG) 

Sidewall-Neutron-Poro- 
s i t y  Log (SNP) 

Dual Induc t ion  Log 

Temperature Log - 
Absolute 

6/21/76 11 /15/76 5/23/77 

Foam/77% Foam/81% Foam/78% 

Temperature Log - 
D i f f e r e n t i a l  

NITROGEN VOL. ( S C f )  

AVG. RATES (BPM) 

AVG. TREATING PRESS. (PSIG) 

S i b i l a t i o n  Log 

2,458.200 2,500,000 3,229,080 

37.5 40 9.6 

1 9 X  1550 1390 

~ ~~~ 

Wet-Hole Logs Consisted o f :  

CORIBANO Ser ies - Composed o f  Gamna Ray Log, 
Formation Canpensated Densi ty Log (FOC), Can- 
pensated Neutron Log (CNL), Capensated Sonic 
Log, Oual-Induction-Laterolog, and Micro- 
1 a te ro log  

3-0 Ve loc i ty  Log 

Seisviewer 

Thermal Oecay Time Log (TOT) 

M A X .  TREATING PRESS. (PSIG) 

IS lP  TABLE I 1 1  

VOLUME AN0 TREATMEHT PARAMETERS 
OF MHF FRACS 

PERFORMED OH WELL NO. 20401 

2250 1710 1480 

1950 850 1190 

ISIP/MINUTES 

I I I 

1070/5 min. 770/5 min.  1150/5 min. 

CLEAN-UP TIME (DAYS) 29 17 

TREATMENT SIZE (GALLONS) 517,014 104.076 
12,642 

517,014 91 A34 I --- 
Foam 
Water I 

17' 

I SAND VOLUME (LES. ) 930,000 31 9,326 
80/100 Mesh/Peak Conc. 190.000/3 ppg 57.708/6 ppg 
20/40 Mesh/Peak Conc. 740.000/3 ppg 261 ,618/8 ppg 

ZONE 

FORMATION 

PERFED INTERVAL (FT.)  

ZONE 1 ZONE 2 

Lower Brown Middle Brown 

3788-3860 3272-3410 
Shale Shale 

AVG. TREATING PRESS. (PSIG) 

MAX. TREATING PRESS. (PSIG) 

ISIP/MNUTES 250/15 0 /5  min. 

TREATMENT DATE 8/3/76 5/17/77 

TREATMENT TYPE/QUALIN 

Lower Brown Middle Brown Upper Brown - 
Lower Gray Shale Shale Middle Gray Shale I PERFED INTERVAL (FI. ) 3409-3651 2954-3230 3858-4031 

FOMTION 

MHF MOD-MHF 

NITROGEN VOL. (Sc f )  

345,944 
Water 58.480 59,750 62,270 

TREATMENT SIZE (GALLONS) I Form 250,000 319,750 

1 20,000 794.000 

SAND VOLUME (LBS. ) 
80/100 Mcsh/Peak Conc. 
20/40 Hcsh/Peak COnC. 

AVG. RATES (BPM) 

299,000 1 439,000 1 340,000 

19,000/1 280,000/1.5 ppg ppg 29,400/1 410,000/2 ppg ppg 60,000/3 280,000/1.5 PP4 PPg 

25.4 30 

TEST DESCRIPTION 

Pre-Frac Flow Test 
Pre-Frac Bui ldup Test 
Post-Frac Flow Test 
Post-Frac Bui ldup Test 

Xf "f md. k md. k 
ft. md. Skin ft f t .  md. Skin f t  

No Analysis No Analysis 
No Analysis No Analysis 

NO Analysis No Analysis 
- -  .05 + . l o  - -  -- -- .05 * .10 - -  - -  

CLEAN-UP TIME (OAYS) 

% RECOVERED 

I 30* 

X RECOVERED 44-water 1 4-wa t e r  
52- N2 80-N2 I 

-150 16' 

36 57* 

*Pre l im inary  data 

Post-Frac Bui ldup Test 
Log-Log Curve Match 
Horncr P l o t  

L inear  P l o t  
Spher ical  ~ l o t  

- 
Zone 

1 

- 

Zone 
2 

- 37 0.060 -- -- 
84 -- 0.042 -- 72 

66 0.320 - -  
26 0.128 -4.90 78 26 0.042 -4.75 68 
18 0.090 -- -- 
-- 0.128 -- 

142 66 0.106 -- 

TABLE I V  

RESERVOIR TESTING RESULTS 
WELL NO. 20403 

CASE I+ CASE 11* 
I kh I kh 1 

68 0.110 -- -- : I  Pre-Frac Flow Test 
l / q  Equivalent P l o t  37 0.180 -2.60 8 1 37 0.059 -2.50 
Soher ical  P l o t  29 0.140 -- -- 
L inear  P l o t  

Homer  P l o t  
Spher ical  P l o t  
L inear  P l o t  

Post-Frac Flow Test 
I / q  Equivalent P l o t  

L inear  P l o t  

Pre-Frac Bui ldup Test 
-- 0.179 - _  22 

22 0.109 -4.30 43 
20 0.120 -- -- 

38 -- 0.109 -- 
91 0.445 -2.80 5 
-- 0.130 -- 306 
-- 0.445 -- 166 

-- 0.088 -- 9 

21 0.034 -4.10 36 
58 0.094 -- -- 
-- 0.034 -- 34 

91 0.146 -2.70 8 
-- 0.042 -- 290 
-- 0.146 -- 144 

*Assumed 0 = 2.438%; Sg = 77.3%; h = 205 feet 
"Assumed 4 = 1.804%; Sg = 45.8%; h = 622 fee t  
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CHEMICAL EXPLOSIVE FRACTURING OF EIGHT TIGHT GAS WELLS 

by 

S. J. LaRocca and Arthur M. Spencer 

Petroleum Technology Corporation 
P.O. Box 537 

Redmond, Washington 98052 

ABSTRACT 

The objective of this joint ERDA/industry program is to evaluate the potential of large 
chemical explosive loads (20,000 to 30,000 pounds) to stimulate and enhance recovery of 
gas from tight reservoirs. Six of the eight wells are in the Devonian Shale-three in Kentucky, 
three in West Virginia, and two are in the Canyon Sands of southwest Texas. 

A general description of the on-site explosive manufacturing placement and detonation tech- 
niques is presented. Details of the preshot and postshot testing and production are given on 
wells stimulated to date. The program is continuing. 

Prepared for the Energy Research and Development Administration under Contract Numbers EY-76-C48-0685, 
EY-76-c-08-0686 and EY-76-C48-0687. 

Note: Copies of this report are available from the authors. 
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AMEX/VESCORP DEVONIAN SHALE PROJECT 
LAWRENCE 6 SCIOTO CrnIES, OHIO 

JohnN. Cochrane 
American Exploration Co. 
6660 North High Street 
Worthington, Ohio 43085 

F. Daniel Ryan 
Vescorp Industries, Inc. 
6660 North High Street 
Worthington, Ohio 43085 

Steven H. Alkire 
National Petroleum Corp. 

6161 Wlsch Blvd. 
Columhs, Ohio 43229 

ABSTRACT 

Amex/Vescorp in conjunction with U.S.E.R.D.A. , Ohio E.R.D.A. , and 
National Petroleum Corp., is conducting a field demonstration test to pro: 
vide information on the Devonian Shales, in Lawrence and Scioto Counties, 
Ohio, which can be used in the Mediate and surrounding areas to increase 
gas production from the shale. 

The general objectives of this program are to establish the effective- 
ness of remote sensing imagery as a tool in picking shale well site 
locatiohs, to determine the benefit of advanced stimulation techniques, . 
and to determine if a scaled up version of the fracture technique deemed 
to be the better of the two above would be a cost-effective method of 
improving production rates and reserves. 

Analysis of the remote sensing imagery was completed on May 24, 1977. 
Nine primary and twelve alternate well locations have been selected as a 
result of this work. 
near future at which time coring and logging will be used to help determine 
which zones should be stimulated. 

The drilling of these wells will cmence in the 

Prepared for the Energy Research and Development admin istration, under 
Contract No. E(40-1) -5253. 
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WI"T0DUCTION 

The Devonian Shale underlies more than 100,000 square miles in the 

This Devonian Shale 
Appalachian area including such states as Kentucky, West Virginia, Michigan, 
Indiana, New York, Pennsylvania, Ohio and others. 
formation is the subject of much speculation because of large estimates of 
natural gas reserves. 
tion and the Ohio Energy and Resource Development Agency have both gone on 
record as estimating gas in place in the Devonian Shale to be in the 
quadrillions of cubic feet in the continental United States. 
has estimated that with existing technology, seventy (70) trillion cubic 
feet of gas could be produced in Ohio alone. 

Even with the impressive reserve estimates, the low field price for 
natural gas prevents the Shale from receiving any more than nominal atten- 
tion from independent producers. 

The U.S. Energy Research and Development Administra- 

The Ohio ERDA 

The potential of the Devonian Shale is not a newly discovered horizon 
of productivity. 
from Shale. 
Big Sandy Field of Kentucky and West Virginia in addition to several Ohio 
counties such as Lawrence, Scioto, Meigs and Licking. 

Several thousand wells have and are producing natural gas 
Most shale wells in the Appalachian area are contained in the 

It is generally recognized that the average shale well will outproduce 
the average sandstone well in Appalachia, but it takes several decades for 
the shale production to occur. 
because of cash flow considerations related directly to rate of production. 
Independent producers are economically attracted to the lower gross produc- 
tion of the sandstone because of the more acceptable rate of return it 
provides. 
the shale presently produces at so slow a rate of return as to deem it 
financially unacceptable. 
to less fractured shale areas such as found in Ohio than to the highly 
fractured Big Sandy Field of Kentucky and West Virginia. 

The economics favor sandstone over shale 

In contrast, while containing much larger recoverable reserves, 

This generalization would be more aptly applied 

The primary problem area with shale is stimulation. Shale is generally 
very tight, having porosities of 4 to 5%, or less. 
opinion for Appalachian Shale is that large production is a direct result 
of communicating with natural fracture systems either in the drilling opera- 
tion or through stimulation. Therefore, if a well can be drilled into a 
natural fracture system and then be efficiently stimulated, economics 
resembling sandstone wells will hopefully result. 

The initial stimulation of Devonian Shales consisted of employing 
liquid nitroglycerine to explosively stimulate a small zone of the borehole. 
The zone of stimulation was usually no greater than 50 feet in thickness. 
The Shale section becomes several thousand feet thick in some areas of the 
Appalachian Basin. 
a large interval. 

The consensus of 

Liquid nitroglycerine proved very dangerous to use over 
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Eventually liquid nitro gave way to black powder and desensitized 
nitroglycerine. The majority of shale wells have been treated with 80% 
gel which is desensitized nitro. This form of stimulation allowed pro- 
ducers to treat thick zones of shale at a time. Zones as thick as 1200 
feet have been treated with 80% gel. 

The introduction of hydraulic fracturing in the Appalachian Basin 

Kentucky West Virginia Gas Company and others 
eventually led to a comparison between "shooting" 80% gel and "water 
fracing" in the shale. 
have compared these two stimulation methods in similar shale areas and have 
generally concluded that hydraulic fracturing with water was superior to 
shooting. 

In recent years, several revolutionizing concepts in stimulation have 
been examined in the Devonian Shale. The U.S. ERDA, Columbia Gas System 
Service Corporation and others have examined stimulation methods such as 
stiff foam, cryogenic fracs, and liquid explosives. 
not appear conclusive regarding the merits of these new concepts in stimu- 
lation because of a limited number of treatments for each type of 
stimulation and little direct comparison between the new stimulation tech- 
niques in the same shale field. 

Results to date do 

This proposal seeks to make a direct comparison between stiff foam 
stimulation and cryogenic stimulation in Lawrence and Scioto Counties, 
Ohio. 
in the way of new stimulation techniques have been examined in Ohio Shales. 
None of the new methods have been employed in Lawrence and Scioto Counties 
which have been the most prolific shale production areas in the State. 

In addition to direct stimulation comparison, the program proposes to 
provide information concerning the Devonian Shale in Southern Ohio that is 
presently not available. Although many shale wells have been produced in 
the subject' area, very little is knom about the stratigraphy or physical 
properties of this shale. 

The State of Ohio has considerable shale history but very little 

Figure 1 indicates the townships from which productive shale wells 
have been recorded in the State of Ohio. 
is circled. 

The target area for this program 
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PROPOSED PROGRAM AND OBJECTIVES 

The general objectives of the proposed program are to identify natural 
fracture systems in the shale by use of remote sensing imagery and also to 
establish the quantitative benefit of advance stimulation techniques compared 
to historic stimulation techniques in the Ohio Devonian Shale. 
stimulation treatment in Southern Ohio has been nitroglycerine or desensitized 
nitroglycerine. The proposed program will evaluate the effectiveness of stiff 
foam and cryogenic fracturing. 

The historic 

The initial period of the program will be concerned with geologic study 
of the area including the interpretation of the available well information 
and remote sensing. With respect t o  remote sensing, the objective will be 
to extract geologic fracture/lineament patterns in the area of question 
through use of the LANDSAT satellite and high altitude aircraft imagery avail- 
able from the United States Geological Survey (USGS) Eros Data Center. 
Similarly, recent low altitude and radar imagery (SLAR), will be collected and 
analyzed. 

A comprehensive evaluation of stimulation alternatives in the Lawrence 
and Scioto County area would be of immediate benefit to the State of Ohio 
and the producers of the Appalachian area in providing relief to Ohio's 
natural gas shortage. 
available from the currently producing wells in that area. 
shale wells were drilled in Ohio in 1975. A successful stimulation program 
would substantially increase the number of shale wells drilled and produced. 

Equally important, however, is the base case data 
Only six (6) 

In this program, we will be comparing stiff foam hydraulic stimulations 
The questions we shall attempt to answer are: with cryogenic stimulations. 

1. Are the stimulation treatments technically and economically 
feasible ? 

2. What basic data relative to the shale is necessary before 
the techniques will be commercially viable? 

3. Can we identify the zones where the treatment should be 
applied? 

4 .  What are the basic formation characteristics of this area 
which have made it a good producer? 

Although this area has historically been a good producer, very little 
factual shale data exists. 
Ohio Geological Survey, a comprehensive set of shale data. 
this area to be a prolific gas producing area, there is no data to relate 
gas producing potential with basic shale characteristics. 

We will establish through cooperation wi.th the 
Although we how 

In researching new techniques, we should first concentrate on the 
historically proven areas and then expand into the unknown areas. 
proposed program takes such an approach and is, therefore, aimed at provid- 
ing maximum probability of success. 

Our 
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Foam, used as a fracturing fluid is a mixture of fluid, gas, a foaming 
surfactant and the propping agent. 
diluted and concentrated acids, lease crude, etc. 
to combine with this liquid and form foam when mixed with the gas. 
nitrogen is the gas used in foam fracturing due to its availability and other 
desirable qualities that make it acceptable to the oil field; however, many 
other gases could be used in FOAM-FRACTM. 

excellent proppant carrying capacity, and high viscosity. 
are not required to enhance either the viscosity or the fluid leak-off 
characteristics of the foam. 

The liquid phase can be fresh water, 
The surfactant is chosen 

Currently, 

Foam made with only these materials possess superior fluid-loss control, 
Chemical additives 

Application of foam fracturing has had impressive, but limited, success. 

Minerals Management attributes the high deliverability increases in wells 
after stimulation with foam to the following: 

1. The low natural fluid loss of foam limits invasion of the 
fracturing fluid t o  approximately one-half inch. 
duction is initiated, the small amount of fluid is quickly 
returned to the fracture, and thus out of the well. 

Once pro- 

2. Absence of solid or chemical fluid-loss additives to con- 
trol fluid leak-off during treatment leaves both the 
formation face and the proppant bed clean and thus maximum 
proppant-bed transmissivity can be utilized. 

The liquids in the foam consititute only 10% to 30% of the 
total foam volume. 
approximately 90% of the liquids have been returned indi- 
cating that the formation does not become saturated with 
fluid. 

3. 
In field applications of the technique, 

4. Clean-up time to date has been less than 12 hours on an 
average 20,000 gallon job. 
menced on the second or third day after fracturing. 
short time the fluid is on the formation limits the mount 
of chemical reaction with the formation and clay absorption 
of the water. 

Well testing has usually com- 
The 

Cryogenic treatments in the shale have heretofore been limited. At least 

The results of the cryogenic treatments appear to 
However, substantial additional work remains to be done to 

three such treatments, two by Columbia Gas and one by Kentucky West Virginia 
Gas have been carried out. 
be very positive. 
evaluate cryogenic treatment results and provide a quantitative basis of 
comparison. 
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WORK STATEMENT 

Nine wells are proposed to be drilled in the general area of Lawrence 
and Scioto Counties in Ohio. 
acreage. 

Pipelines are available near the project 

Geological evaluation of the area in Lawrence and Scioto Counties 
including remote sensing will be used to determine specific well locations. 
Every effort will be made to provide the stiff foam and cryogenic treatments 
with as similar conditions for test as possible, thus minimizing any bias 
that could occur through stimulating preferred wells with one type over the 
other. In the first six wells the stimulation designs will attempt to main- 
tain the fracture radius per unit pay section constant for all treatments. 

Three of the initial six wells in the program will be stimulated with 
foam, the second three will be cryogenic treatments. Wells seven through 
nine will await the results of the first six wells. 

The specific stimulation designs must await downhole information. How- 
ever, as a minimum the treatments are expected to be at least comparable in 
volume to the hydraulic stimulation presently being used in Devonian Shale. 
At this time, it is estimated that 140,000 gallon foam fractures and 40,000 
gallon cryogenic fractures will be used on the first six wells. 

The remaining three wells could be stimulated with larger treatments 
than wells one through six depending upon initial results. 

DRILLING PROGRAM 

Upon selection of the first three well sites, an 11" hole would be 
drilled to 1400 feet using air as the circulating medium to the bottom of 
the Berea Formation. 
Coring would then commence using foam as the fluid system. The first well 
would be cored throughout the entire interval and selective coring of 
approximately 150 feet is projected for each of the two wells that follow. 
Samples would be obtained from 1400 feet to total depth at 10 foot intervals 
on those wells not cored. 

The 8-5/8" casing would be set and cemented to surface. 

Upon completion of logging and preliminary reservoir testing, 5-1/2" 
casing would be set at total depth and cemented. 
wellhead would be installed and the rig moved to the next location. 

A 3000 psi working pressure 

There would be a gas detector unit on the well from the time the 8-5/8" 
casing is drilled out until total depth is attained. 
total combustible gas and methane, liquid hydrocarbons and oil florescence 
in drill cuttings and lithology would be provided. 

Information about 
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LOGGING PROGRAM 

The following logging operations will be carried out on each well: 

7-7/8 inch emutv hole: 

Temperature (1400 Feet to TD) 
Sibilation (Optional) 

7-7/8 inch fluid-filled hole: 

Compensated Formation Density (1400 feet to TD) 
Compensated Neutron Log (1400 feet to TD) 
Gamma Ray (Surface to TD) 
Borehole Compensated Sonic (1400 feet to TD) 
Dual Laterlog (1400 feet to TD) 

5-1/2 inch casing: 

Cement Bond (1400 feet to TD) 
Perforating Depth Control-Gamma Ray (1400 feet to TD) 

Post Stimulation 

Temperature 
Spinner Survey 
Gamma Ray - Beads 

FRACTURE DESIGN 

The fracture wuld consist of one projected fracture treatment in the 
selected shale interval. The maximum fracture interval has been chosen to 
be 150 feet. 
completion of the well logging, coring and reservoir analysis. 

The actual interval to be treated would be determined upon 

CORING PROCEDURE AND ANALYSIS 

The entire shale interval of the first well would be cored with foam 
after drilling to the top of the Shale section as determined by drill cuttings 
analysis. 
two wells. 
with a 6-1/4 inch external diameter barrel would be used to cut a 4 inch 
diameter core. 

It is estimated that 150 feet will be cored in each of the next 
A 7-27/32 inch diamond core cutter A l l  core will be oriented. 

Immediately after each barrel of core is surfaced, it would be removed 
from the barrel, packaged and shipped t o  the U.S. ERDA in Morgantown, West 
Virginia for core orientation. 
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The core would then be shipped to Core Laboratories, Inc. in Mt. Pleasant, 
Michigan for the following analysis: (2) Color Photo 
(3) Full Diameter Analysis, including porosity, grain density, fluid satura- 
tions, vertical permeability, oriented horizontal permeability in 45' quadrants 
(4) Gas Volume Test on Native State Core (6) Core 
Slab (7) Fracture Analysis, and (8) Full Diameter Accoustic Velocity Test 
at 5 Overburden Pressures. 

(1) Gamma Surface Log 

(5) Hydrocarbon Analysis 

Core samples will also be sent to Cardinal Chemicals for Core Flow Tests 
and Foam Evaluation. 
Halliburton and Dowel1 for chemical analysis, fluid compatability and basic 
fracture treatment design. 

Representative samples of the core will be sent t o  

The Ohio Geological Survey plans a comprehensive evaluation of the Ohio 
To the extent possible, our program will compliment the OGS project Shale. 

and we shall extract the maximum information form the OGS project for appli- 
cation in our testing program. 
OGS . 

We will maintain constant liason with the 

RESERVOIR TESTING 

A consulting engineer will design the detailed well testing package 
for this program. 
obtained from analysis of the logs and core where available. 
tests will be run if significant shows of gas are encountered. 

It is anticipated that reservoir properties will be 
Drill stem 

Open flows will be monitored throughout the coring and/or drilling 
phase of each well. 

Each well will be tested after total depth is attained after the break- 
down operation and after the stimulation in order to describe the capacity 
for production of the well. 

Modified isochronal four point deliverability tests and pressure draw 
down or build up tests will be conducted for sufficient amounts of time to 
obtain an optimum of information. 

PROJECT PROGRESS 

Phase I of our project, the geologic analysis of the area, has been 
completed. 
Landsat and High Altitude Imagery, Side Looking Airborne Radar Imagery, and 
Infrared Imagery. 
mapped the major natural fracture systems that occur on the surface in the 
project area. He then went into the area on foot to verify these fractures. 
Dr. Henniger could not cover the entire area that had been studied, but he 
did spend four days verifing the fracture systems that he had access to. 
Therefore, it is believed that the entire area studied has been accurately 
analyzed. 

Dr. B. R. Henniger of Ashland College collected and analyzed 

By visual analysis, Dr. Henniger has identified and 
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Dr. Henniger also measured surface fracture dips while in the area. 

Thus by drilling wells at intersections or zones of surface 
Out of 255 fracture dip measurements, only one was in excess of 15" from 
vertical. 
fracture systems, we should be able to encounter these same fracture 
systems at- +-2OOO' in a shale well. If these systems are not encountered 
by the wellbore itself, due to the almost vertical dip, we should easily 
encounter them upon fracturing the well. 

After compiling this data, Dr. Henniger recommended 9 primary and 12 

Drilling of 
alternate well locations on acreage within and surrounding the project 
area. 
the first well should commence in August, 1977. 

Title surveys are now being done on these locations. 
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Psoj ect Area 

OIL AND GAS FIELDS OF OHIO 

Figure 1 Townships from which productive (dumestie and largely 
marginal cmercial) shale wells have been recorded. 
Indicated by dot ( 0 ) .  
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THE RELATIONSHIP OF 

DEVONIAN SHALE 
THERMODYNAMIC AND K I N E T I C  PARAMETERS TO WELL PRODUCTION I N  

Paul D .  S c h e t t l e r ,  J r .  
Da le  L . Wamp l e r  
P h i l i p  J .  S i p l i n g  
Donald J .  Mi tche l l  

J u n i a t a  Col lege 
Huntingdon, Pennsylvania 16652 

ABSTRACT 

A mathematical  model d e s c r i b i n g  product ion of gas  from w e l l s  i n  Devonian 
s h a l e s  i s  in t roduced ,  and t h e  ex ten t  of agreement wi th  e x i s t i n g  p roduc t iv i ty  
d a t a  i s  d iscussed .  Parameters needed f o r  t h i s  model inc lude  t h e  d i f f u s i o n  
cons t an t  of gas through t h e  rock and the  s o r p t i o n  isotherms of  gas w i t h i n  t h e  
rock.  Methods and r e s u l t s  of measurements of t h e s e  important parameters made 
i n  our l a b o r a t o r i e s  a r e  descr ibed  and d iscussed .  

INTRODUCTION 

This  p a p e r  r e p o r t s  t h e  r e s u l t s  of e f f o r t s  t o  model i n  t h e  labora tory  t h e  
process  by which n a t u r a l  gas  i s  r e l eased  from t i g h t  formations (such as Devonian 
s h a l e s ) .  The instrument  f o r  t h e s e  s t u d i e s  i s  an appara tus  i n  which a s h a l e  
sample  i s  i n i t i a l l y  e q u i l i b r a t e d  a t  some cons t an t  gas  p re s su re ;  a f t e r  e q u i l i b -  
rium i s  reached,  t h e  pressure  on t h e  sample i s  suddenly changed and t h e  r a t e  
and amounts of gas produced are monitored. The conceptua l  s i m i l a r i t y  of t h i s  
l abora to ry  process  t o  t h e  degassing of an  underground r e s e r v o i r  i s  r e f l e c t e d  
i n  t h e  s i m i l a r i t y  of gas loss curves  produced i n  the  l abora to ry  w i t h  product ion 
r a t e  curves  of a c t u a l  wel l s ,  except  f o r  d i f f e r e n c e s  i n  gas  evolved and the  t i m e  
scale of evo lu t ion .  

It i s  gene ra l ly  accepted t h a t  optimum product ion occurs  i n  w e l l s  d r i l l e d  
i n t o  h ighly  f r a c t u r e d  a r e a s .  These f r a c t u r e s  se rve  a s  condui t s  between t h e  
gas-producing rocks and the  w e l l  bo re ,  I n i t i a l l y ,  t h e  gas  i n  t h e  f r a c t u r e s  i s  
i n  equ i l ib r ium w i t h  gas  sorbed i n  the  source rock;  however, upon i n t e r s e c t i o n  
of t h e  f r a c t u r e  system by a well  bore,  t h e  pressure  i n  t h e  f r a c t u r e s  drops 
d i scon t inuous ly ,  and t h e  source rock  evolves  gas u n t i l  equ i l ib r ium i s  re -es tab-  
l i s h e d  a t  t h e  new pressure .  The mathematical  t rea tment  of t he  ra te  of d i f f u s i o n  
i n t o  the w e l l  bore as a func t ion  of time i s  thus  similar t o  t h a t  of l abora to ry  
samples  undergoing a d iscont inuous  pressure  dec rease ,  t h e  d i f f e r e n c e s  ly ing  
p r imar i ly  i n  ques t ions  of geometry, magnitude of rock involved,  and s i z e  of 
i n i t i a l  p ressure  drop.  

This  pape r  d e a l s  w i th  t h r e e  main t o p i c s .  F i r s t ,  t h e  ideas  d iscussed  above 
a r e  presented i n  q u a n t i t a t i v e  form. It is  shown t h a t  t h e  d i f f u s i o n  cons t an t  of 
methane i n  s h a l e  and t h e  ex ten t  and frequency of f r a c t u r e s  c o l l e c t i v e l y  a r e  t h e  

Prepared f o r  ERDA under Contract  No. E(40-1)-5197. 

G-10/1 



determining parameters of w e l l  production. Of these  t h r e e  f a c t o r s ,  t he  
f i r s t  two are p a r t i c u l a r l y  amenable t o  labora tory  measurement; t h e  second 
and t h i r d  s e c t i o n s  of t h i s  paper d e a l  wi th  e f f o r t s  i n  t h i s  regard .  

THEORETICAL 

The purpose of t h i s  s e c t i o n  i s ,  f i r s t ,  t h e  mathematical  d e s c r i p t i o n  of t he  
underground processes  t h a t  lead t o  gas production from t i g h t  formations and, 
second, the  comparison of t h a t  d e s c r i p t i o n  t o  t h e  mathematical d e s c r i p t i o n  of 
t he  degassing of rock i n  labora tory  conf igu ra t ions .  

Production from w e l l s  i n  r e l a t i v e l y  impermeable formations depends upon 
d r i l l i n g  i n t o  h ighly  f r a c t u r e d  a r e a s  and/or  c r e a t i n g  them a r t i f i c i a l l y  a f t e r  
t h e  w e l l  has been d r i l l e d .  These f r a c t u r e s  serve  pr imar i ly  as condui t s  from 
t h e  gas-bear ing source rock t o  t h e  w e l l  bore .  The amount of gas d i f f u s i n g  out 
of a s h a l e  i n t o  a f r a c t u r e  (held a t  a low pressure)  i s  given by (1,2) 

t 
1) % = 2(C2 - Co)A($) 

where 

A i s  the  a r e a  of rock degassing.  

c2 i s  the  i n i t i a l  concent ra t ion  of gas  i n  the  rock.  

C o  i s  the  concent ra t ion  of gas i n  t h e  rock as t +a. 

D i s  the  d i f f u s i o n  cons t an t .  

t i s  t h e  t i m e .  

Over a t e n  year  
(D = 5 x 10-7 c m g 7 ~ ~ ~ ~ ’ C 2  - C o  = 3 cm3 gas/cm3 rock)  , 40 cm3 gas (STP) would be 
produced f o r  each square cent imeter  of f i s s u r e  w a l l  a r e a .  This  amount of gas i s  
c l e a r l y  much l a r g e r  than  t h e  amount of gas contained between t h e  w a l l s  of t he  
average f r a c t u r e ,  thus  lending support  t o  t h e  concept t h a t  t he  rock i s  the  
source of t h e  gas and t h a t  f r a c t u r e s  serve  as condui t s .  It i s  i n t e r e s t i n g  t o  
no te  t h a t  t h e  production curve predic ted  by equat ion  2)  i s  high production over 
a r e l a t i v e l y  s h o r t  period followed by a long t a i l .  I n  f a c t ,  32% of the  t o t a l  
gas produced over a 20-year per iod i s  produced i n  the  f i r s t  two y e a r s ,  i n  agree-  
ment w i th  some q u a l i t a t i v e  r e p o r t s  of w e l l  production from some producing wells 
by Roth ( 3 )  and Torrey ( 4 ) .  Whereas i n i t i a l  w e l l  production i s  l a r g e ,  t h e  
inverse  square roo t  dependence on time i m p l i e s  t h a t  a f t e r  t h e  i n i t i a l  l a rge  
production reduced product ion w i l l  occur unabated f o r  many y e a r s ,  aga in  i n  
agreement wi th  many r e p o r t s  of t he  longevi ty  of gas  s h a l e  w e l l s .  

f o r  reasonable  va lues  of parameters f o r  Devonian s h a l e  

The upper curve of Figure I shows some a c t u a l  production da ta  po in t s  (5) and an 
inverse  square roo t  f i t  versus  t i m e  as the  s o l i d  l i n e .  Although t h e  f i t  f o r  
t h a t  w e l l  i s  good, i t  i s  c l e a r  t h a t  not  a l l  w e l l s  d i sp l ay  such a s i m p l e  r e l a -  
t i o n s h i p .  I n  p a r t i c u l a r ,  as the  lower th ree  curves show, the  i n i t i a l  high 
production r a t e  may, t o  a v a r i e t y  of degrees ,  be missing.  
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Fla t t ened  production curves r e s u l t  from a mathematical  viewpoint if it i s  
assumed t h a t  an a d d i t i o n a l  c o n s t r i c t i o n  e x i s t s  a t  t h e  sur face  of a f r a c t u r e  or  
a long t h e  f r a c t u r e  t o  t h e  w e l l  bore t h a t  impedes the  d i f f u s i v e  process of gas 
from the bulk rock.  Such su r face  modi f ica t ion  would be expected t o  occur a t  
s l i c k e n s i d e s  wherein an impermeable-looking , glaze-  l i k e  f i n i s h  i s  formed on 
t h e  rock.  A l t e r n a t i v e l y ,  mine ra l i za t ion  may occur wi th in  t h e  f r a c t u r e ,  
plugging t h e  microporous su r face  s t r u c t u r e  of t h e  s h a l e .  
a long the  f r a c t u r e  would be expected when a narrow f r a c t u r e  i s  “overloaded” 
by a l a rge  gas  f low. A l l  of t hese  e f f e c t s ,  which might be expected t o  be 
common occurrences i n  a c t u a l  s i t u a t i o n s ,  should r e s u l t  i n  f l a t t e n e d  (and 
decreased!)  w e l l  p roduc t iv i ty  curves .  

Cons t r i c t ive  e f f e c t s  

The lower curves  i n  Figure I a r e  f i t s  t a k i n g  i n  account c o n s t r i c t i v e  
e f f e c t s  of varying degrees  of importance. The equat ion  of f i t  i s  

Equation 2 )  has been d iscussed  i n  d e t a i l  elsewhere ( 6 ) .  

B r i e f l y ,  g i s  a c o n s t r i c t i v e  parameter corresponding t o  some kind of 
impermeable coa t ing  on t h e  f r a c t u r e  su r face .  The more impermeable t h e  coa t ing ,  
t he  l a r g e r  g i s ;  converse ly ,  f o r  decreas ing  c o n s t r i c t i v e  e f f e c t s  g approaches 
ze ro  and equat ion  2 )  approaches equat ion 1). Figure I1 shows t h i s  e f f e c t  
e x p l i c i t l y .  

The middle curve i s  simply the  lower curve of Figure I wi th  g = 6.318. The 
upper and lower curves  a r e  wi th  i d e n t i c a l  parameters (same f r a c t u r e  area,  same 
bulk rock d i f f u s i o n  cons tan t  and gas concent ra t ion)  except  t h a t  g = 0 and 30 cm 
f o r  the u p p e r  and lower curves  r e s p e c t i v e l y .  It i s  c l e a r  from Figure I1 t h a t  
t h e  e f f e c t  of c o n s t r i c t i o n s  i s  t o  decrease markedly t o t a l  production and f l a t t e n  
it i n  respec t  t o  t ime.  

I n  c o n t r a s t  t o  t h e  f l a t t e n i n g  observed i n  wel ls ,  most labora tory  samples 
w i l l  g ive  somewhat s t e e p e r  curves  than predic ted  by a simple t - k  l a w ;  s p e c i f i c a l l y  
experimental  po in t s  w i l l  fo l low equat ion 1) c l o s e l y  a t  low t but f a l l  below the  
t h e o r e t i c a l  curve a t  l a rge  times. This f e a t u r e  may not  be l imi t ed  t o  labora tory  
samples; i n  f a c t  t h e  poin ts  of t h e  most productive curve of Figure I form a 
s l i g h t l y  steeper curve than t h e  f i t  shown. The explana t ion  f o r  t h i s  phenomenon 
l i e s  i n  t h e  geometry of the  f r a c t u r e s  i n  t h e  case of a w e l l  and the  p a r t i c l e  
shapes i n  the  case  of labora tory  samples;  i n  f a c t  t h e  a p p l i c a b i l i t y  of equa- 
t i o n s  l )  and 2 )  i s  l imi ted  t o  t h e  case  where t h e  dep le t ion  zones ( 6 )  assoc ia t ed  
wi th  each f r a c t u r e  do not  i n t e r f e r e .  A s  a su r face  degases ,  t he  rock behind t h e  
su r face  becomes deple ted  t o  an ever - increas ing  e x t e n t ,  t h i s  zone of dep le t ion  
i n i t i a l l y  extending only  a s h o r t  way i n t o  the  rock but t he  ex tens ion  inc reas ing  
wi th  t i m e .  S p e c i f i c a l l y  
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where d i s  t h e  dep le t ion  zone mentioned above. When d i s  much smal le r  than  t h e  
dimensions a s soc ia t ed  wi th  rock fragments o r  d i s t ances  between f r a c t u r e s ,  
equa t ions  1) and 2 )  can be expected t o  be obeyed. However, as time inc reases ,  
d inc reases  u n t i l  i t  even tua l ly  becomes of t he  order  of t h e  f r a c t u r e  o r  pa r t i c l e  
dimensions. A t  t h i s  po in t  t h e  dep le t ion  zone from one f r a c t u r e  s ta r t s  t o  move 
i n t o  areas a l r eady  deple ted  by another  f r a c t u r e ,  and gas production t a p e r s  of f  
below t h a t  pred ic ted  by t h e  t -% l a w .  

Exact func t ions  e x i s t  and have been u t i l i z e d  f o r  s e v e r a l  l abora tory  
degassing s i t u a t i o n s ,  as i s  d iscussed  elsewhere (6 ,7 ,8 ) .  Although i t  would 
appear from Figure I t h a t  geometric e f f e c t s  are not  important i n  wel ls ,  they 
may neve r the l e s s  sometimes be d e t e c t a b l e .  A s  d i scussed  elsewhere (6) t he  anom- 
a lous  s teepness  of the  t o p  curve of Figure I corresponds t o  a mean d i s t a n c e  
between f r a c t u r e s  of 65 cm. Anomalous s teepness  and l a rge  p roduc t iv i ty  may 
thus  be l inked toge ther  a s  both are i n d i c a t i o n s  of production from highly  
f r ac tu red  zones.  

DIFFUSION CONSTANTS 

Dif fus ion  cons t an t s  and permeabi l i ty  cons t an t s  are c l o s e l y  r e l a t e d .  

D = P/K 

where D i s  the d i f f u s i o n  cons t an t ,  P i s  the  permeabi l i ty  cons t an t ,  and K i s  t h e  
s o l u b i l i t y  of gas i n  the  rock ,  

C = KP 

where C i s  the  equi l ibr ium concent ra t ion  of gas i n  the  rock,  and P i s  the  
appl ied  pressure .  Di f fus ion  (and/or  permeabi l i ty  cons t an t s )  can be measured 
by determining the  r a t e  t h a t  gas passes through a c u t  s l a b  of sample  o r  
a l t e r n a t i v e l y  i t  can be deduced from the  r a t e  a sample of rock degases .  The 
la t te r  method has t h e  advantages t h a t  i t  i s  quicker ,  o f t e n  t ak ing  only a few 
minutes t o  ge t  a measurement, and i s  more c l o s e l y  r e l a t e d  t o  t h e  a c t u a l  under- 
ground degassing process .  

I n  our  procedure,  w e  f i r s t  e q u i l i b r a t e  t h e  sample a t  a cons tan t  pressure .  
For s ieved samples, t h i s  t y p i c a l l y  takes  less than  an hour and i s  done on t h e  
measuring appara tus .  For s l abs  e q u i l i b r a t e d  t o  1 atm methane, t h e  e q u i l i b r a -  
t i o n  t akes  s e v e r a l  days and i s  done before  p lac ing  t h e  sample on the  measuring 
appara tus .  As shown i n  Figure 111, the  c e l l  i s  separa ted  from a c a r e f u l l y  
c a l i b r a t e d  volume ( 9 )  by a va lve .  Af t e r  measuring t h e  i n i t i a l  equi l ibr ium 
p res su re ,  t h e  valve i s  c losed ,  and the  volume as soc ia t ed  wi th  t h e  b u r e t ,  e t c . ,  
changed t o  a new pressure  ( t y p i c a l l y  evacuated) .  An automatic da t a - t ak ing  
r o u t i n e  a s soc ia t ed  wi th  a NOVA 1220 l abora to ry  computer i s  s t a r t e d  which 
t akes  pressure  readings  from t h e  Datametrics Barocel.  Then t h e  va lve  between 
t h e  c e l l  and t h e  c a l i b r a t e d  volume i s  opened. The pressure  changes r e s u l t i n g  
a r e  monitored a t  a d a t a  c o l l e c t i o n  ra te  of 25,000 readings/second f o r  a 
per iod of s e v e r a l  minutes f o r  par t ic les  and about one-half  hour f o r  s l a b s .  
The pressure  changes which occur a f t e r  t h e  i n i t i a l  p ressure  drop are due t o  
the  degassing of t he  sample .  
a t 2  l a w  whose s lope  i s  i n t e r p r e t a b l e  i n  terms of t h e  d i f f u s i o n  cons tan t  as 
d iscussed  ea r l i e r  f o r  wel ls .  
are somewhat d i f f e r e n t ,  and t h e  d e t a i l s  are discussed elsewhere (7 ,8 ) .  

The amount of gas given o f f  fol lows ( i n i t i a l l y )  

The d e t a i l e d  procedures f o r  s l a b s  and par t ic les  

I 
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Table I shows r e s u l t s  obtained a t  a v a r i e t y  of depths  from Well #20403 
d r i l l e d  by Columbia G a s  Corporation i n  conjunct ion wi th  t h e  Eas te rn  Gas Shales  
P r o j e c t .  
a s tandard  dev ia t ion  of f4 .18  x 
approximate range of d i f f u s i o n  cons tan ts  wi th in  the  Devonian s h a l e  sequence 
( a t  the  Lincoln County w e l l ,  e t c . ) .  There i s  a dependence of the  d i f f u s i o n  
cons tan t  upon t h e  temperature  and/or  type of gas used. 
N2 d i f f u s i o n  cons t an t s  average 2.3 t imes t h e  i c e  temperature methane cons t an t s  
a l though ind iv idua l  comparisons can dev ia t e  from t h i s  f i g u r e .  There i s  a 
dependence of d i f f u s i o n  cons tan t  upon p a r t i c l e  s i z e .  For d a t a  repor ted  e l s e -  
where ( 8 ) ,  N2 d i f f u s i o n  cons tan ts  a t  770 K f o r  500-700 p, averaged 4 . 5  times 
the  va lue  f o r  175-350 p mesh s i z e .  A s  a genera l  r u l e ,  work on s l a b s  suppor ts  
t h i s  conten t ion .  A sample a t  3886' 2-4" gave a d i f f u s i o n  cons tan t  o f  
2 .5  x cm2/sec f o r  175-350 p mesh s i z e ,  15.4 x 10-7 cm2/sec f o r  500-700 p 
mesh s i z e ,  and 116.1 x 10-7 cm2/sec f o r  a s l a b  of s h a l e  a t  3886' of dimensions 
27.88 cm2 by . 7 2  cm t h i c k .  
mechanisms. I t  may be t h a t  h ighly  impermeable components of sha le  f r a c t u r e  more 
e a s i l y  i n t o  ma te r i a l  of smal le r  mesh s i z e .  The second p o s s i b i l i t y  i s  t h a t  t h e  
gr inding  process  decreases  t h e  number of microf rac tures  o r  o the r  zones of weak- 
ness  a s soc ia t ed  with high d i f f u s i v i t y  by c leaving  a long ,  hence e l imina t ing  them. 
Our d a t a  supports  t he  second hypothes is ;  t he  f i r s t  hypothesis  would suggest 
t h a t  s l a b  d i f f u s i o n  would be in te rmedia te  between l a rge  and small p a r t i c l e s ,  
an  e f f e c t  which has not  been observed t o  d a t e .  Fu r the r ,  t he re  i s  no obvious 
d i f f e r e n c e  between t h e  la rge  p a r t i c l e s  and t h e  small  ones as observed under 
an o p t i c a l  microscope. 

The average methane d i f f u s i o n  cons tan t  i s  6.56 x 10-7 cmz/sec wi th  
cmz/sec. This  range r ep resen t s  t he  

For example, our 7 f K  

This  s i z e  e f f e c t  can be accounted f o r  by two poss ib le  

The e f f e c t  of manner of sample prepara t ion  may have some e f f e c t  upon 
r e s u l t s .  Table I1 shows an inc rease  of d i f f u s i o n  i n  samples  prepared by 
percussion mortar .  Op t i ca l  examination sugges ts  t h a t  t h e  samples prepared by 
b a l l  m i l l  a r e  abraded more than  samples prepared by percussion mortar .  I f  
t h i s  i s  t h e  c a s e ,  d i f f u s i o n  of samples prepared by percussion mortar ought 
t o  be more r e p r e s e n t a t i v e  of "bulk sha le"  than those prepared by b a l l  m i l l .  
Table 111 shows a very i n t e r e s t i n g  e f f e c t  observed wi th  s l a b s .  The f i r s t  and 
t h i r d  samples show a methane d i f f u s i o n  f o r  s l a b s  t h a t  i s  some 4.5 times l a r g e r  
than  f o r  p a r t i c l e s  from the  same s h a l e .  However, t he  second sample  of Table I1 
shows a s l a b  d i f f u s i o n  t h a t  i s  only 15% of the  p a r t i c l e  d i f f u s i o n .  This  
s u r p r i s i n g  r e s u l t  may be understood i n  terms of su r face  prepara t ion .  Before 
making the  measurements, t h e  s l a b  su r faces  are ground down by pee l ing  the  
su r face  down wi th  a c h i s e l .  Whereas usua l ly  t h i s  r e s u l t s  i n  a du l l - look ing  
s u r f a c e ,  f o r  t he  anomalous r e s u l t  i n  ques t ion  a sh iny ,  impermeable-looking, 
s l i c k e n s i d e - l i k e  su r face  r e s u l t e d .  We be l i eve  t h a t  t h e  e f f e c t  of rubbing wi th  a 
c h i s e l  on t h i s  sample was t o  produce a t h i n  impermeable l aye r  t h a t  lowered t h e  
r a t e  of outgassing by about a f a c t o r  of 40 over t h a t  produced from su r faces  s p l i t  
by a percussion mortar .  Work on t h i s  t a n t a l i z i n g  but specu la t ive  a r e a  i s  
cont inuing .  

ISOTHERMS 
The value of t he  de te rmina t ion  of isotherms i s  a t  l e a s t  twofold.  F i r s t ,  

i t  al lows the  e s t ima t ion  of concent ra t ion  of gas i n  the  rock surrounding a wel l  
given only the i n i t i a l  wellhead p res su re .  I n  t h i s  sense an isotherm plays t h e  
same r o l e  as po ros i ty  i n  s tandard  o i l  technology. However, the  concept of an 
isotherm is  more gene ra l  because i t  is  a measure of a l l  gas i n  the  rock,  t h a t  
i n  open pores ,  t h a t  adsorbed on the  su r face  of minute c l ay  p a r t i c l e s ,  and t h a t  
d i sso lved  i n  some kerogen o r  o the r  m a t e r i a l  en t r a ined  i n  the rock.  Some 
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p r a c t i c a l  impl ica t ions  of t h i s  have been d iscussed  elsewhere (10).  The second 
va lue  of an  isotherm i s  t h a t  i t  p e r m i t s ,  a t  least  t o  some degree ,  t he  d e t e r -  
mination of which of t hese  mechanisms of entrainment are operative--open po ros i ty ,  
adso rp t ion ,  o r  s o l u t i o n .  More d i scuss ion  on t h i s  point  has  been made elsewhere (11 

Figure IVshows some t y p i c a l  isotherms,  showing the  degree of entrainment 
of e thane ,  methane, argon and helium, a l l  on the same sample. It should be 
noted t h a t  t h e s e  isotherms are a l l  s t r a i g h t  l i n e s  wi th in  t h i s  reg ion  and hence 
can be a s soc ia t ed  wi th  a ' Iporosity." However, t he  po ros i ty  ca l cu la t ed  from 
each gas i s  d i f f e r e n t ,  corresponding t o  40"/,, 13%, 7%, and 3%, f o r  C2H6, 
C H q ,  An, and H e  r e s p e c t i v e l y .  A s  t h i s  makes no phys ica l  sense f o r  open pores ,  
one can only  conclude t h a t  what i s  measured i s  an " e f f e c t i v e  poros i ty"  which 
includes s u b s t a n t i a l  amounts of adsorp t ion  and/or s o l u t i o n .  A c o r o l l a r y  t o  
t h i s  i s  t h a t  t h e  most appropr i a t e  measure of po ros i ty  t o  be a s soc ia t ed  wi th  
n a t u r a l  gas product ion i s  "methane porosi ty"  obtained by d i r e c t  measurement of 
amount of methane sorbed a s  a func t ion  of pressure .  

I n  a d d i t i o n  t o  the  d a t a  repor ted  i n  Reference 14, we have measured room 
temperature isotherms f o r  t h e  1 7  samples i n  Table I .  I f  i t  i s  assumed t h a t  
helium so rp t ion  i s  due only t o  pene t r a t ion  of t he  open pores ,  the  s t r a i g h t  l i n e  
He p l o t s  can be r e i n t e r p r e t e d  i n  terms of a helium d e n s i t y  (wt. of sample/ 
volume of unpenetrated samples).  Helium d e n s i t i e s  average -.04 g/ml higher  
than bulk d e n s i t i e s  corresponding t o  an average po ros i ty  of 1%. 
v o l .  r o c k / t o r r  f o r  methane given i n  Table I i s  t h a t  i n  excess  of t h a t  a s soc ia t ed  
wi th  the pore volume (as determined by t h e  H e  i so therms) .  It is  u s e f u l  t o  
note  t h a t  t h e  methane isotherms s lopes  are grouped around 3.27 x v o l .  
methane/vol.  r o c k / t o r r  (&42%) even though an e f f o r t  was made t o  inc lude  a 
v a r i e t y  of l i t h o l o g i e s  i n  the 1 7  s a m p l e s  included i n  Table I .  

The v o l .  gas /  

I n  a d d i t i o n  t o  room temperature isotherms,  w e  have a l s o  determined 
isotherms of N2 determined a t  l i qu id  n i t rogen  temperatures .  
measurement i s  s e v e r a l - f o l d .  F i r s t ,  i f  one assumes t h a t  t he  kerogen f r e e z e s  
t o  an impermeable s o l i d  a t  l i q u i d  n i t rogen  temperatures ,  then any so rp t ion  
t h a t  t a k e s  place must be adsorp t ion  on t h e  var ious  su r face  a r e a s  a s soc ia t ed  
wi th  t h e  small p a r t i c l e s  of c l ay  minera ls .  Under t h e s e  condi t ions  a s tandard 
BET a n a l y s i s  i s  poss ib l e  (13). We f ind  good f i t s  t o  t he  BET isotherm which 
lends support  t o  the  adsorp t ion  model (a t  least a t  low temperatures)  and 
r e s u l t s  i n  a de te rmina t ion  of the  su r face  a r e a  a v a i l a b l e  f o r  adso rp t ion .  For 
s h a l e  samples t h a t  w e  have measured, t h i s  v a r i e s  from a few t e n t h s  t o  s e v e r a l  
meters squared per gram (14) .  This  i s  a small f r a c t i o n  of the  sur face  area 
a s soc ia t ed  wi th  c l a y  minerals  ( i l l i t e  i s  92 m2/g (15)) ,  but  neve r the l e s s  
s u f f i c i e n t  t o  show t h a t  s u f f i c i e n t  adso rp t ive  capac i ty  e x i s t s  w i th in  Devonian 
s h a l e s  t o  account f o r  the  amounts of methane observed. 

The value of t h i s  

I n  Table I ,  we have shown the  n i t rogen  BET su r face  a r e a s  i n  terms of t he  
volume of gas t h a t  would be requi red  t o  cover the  a v a i l a b l e  su r face  a r e a  wi th  
a monolayer. This  should r ep resen t  t h e  maximum amount of methane t h a t  can be 
adsorbed onto su r face  areas wi th in  the  rock, as s i g n i f i c a n t  mu l t i l aye r  adsorp t ion  
of  methane would not  be expected a t  temperatures  present  i n  t h e  ord inary  w e l l .  

A major poin t  of i n t e r e s t  concerns t h e  degree of c o r r e l a t i o n  between t h e  
isotherm parameters of Table I and t h e  amount of gas found i n  the  rock.  We 
received the  17 samples repor ted  i n  Table I i n  sea led  cans along wi th  about 
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213 o the r  samples taken a t  10-foot i n t e r v a l s  down t h e  w e l l .  Af t e r  a wait of 
142-156 days,  the  atmosphere i n  the  cans were analyzed f o r  02 ,  N2, CH4, C2H6, 
$Ha,  C02, H2, and H2S by gas chromatography (17,18). 
17 samples  of Table I i s  summarized i n  Table I V .  Severa l  f e a t u r e s  are worthy 
of no te .  F i r s t ,  t he re  i s  no c l o s e  c o r r e l a t i o n  between the  parameters of Table I 
and gas con ten t .  I n  p a r t i c u l a r ,  gas conten t  ranges over s e v e r a l  o rders  of 
magnitude from sample t o  sample wherein t h e  parameters of Table I a r e  r e l a t i v e l y  
cons t an t .  This  may be expected because t h e  isotherms of Table I e s s e n t i a l l y  
measure t h e  capac i ty  f o r  gas  conten t  as a func t ion  of pressure .  Since these  
remain r e l a t i v e l y  cons tan t  from s t r a t a  t o  s t ra ta  and gas content  v a r i e s ,  i t  i s  
concluded t h a t  t he  o r i g i n a l  gas pressure  i n  t h e  rock must vary cons iderably  i n  
var ious  parts of the  w e l l .  A consequence t h a t  fol lows from t h i s  i s  t h a t  even 
over geologic  t i m e  t he  thermodynamic equi l ibr ium of methane does not  seem t o  
be reached even i n  s t r a t a  as c l o s e  toge ther  as about 50 f e e t .  

The r e s u l t s  f o r  t h e  

Severa l  o the r  f e a t u r e s  of Table IV inc lude  the  observat ion t h a t  o f t e n  t h e  
desorp t ion  of hydrocarbons i s  c l o s e l y  c o r r e l a t e d  wi th  approximately equimolar 
- adsorp t ion  of n i t rogen  and oxygen o r i g i n a l l y  present  i n  the  can a t  s e a l i n g  
t i m e  so t h a t  t h e  t o t a l  p ressure  remains cons t an t .  Oxygen n i t rogen  r a t i o s  vary 
from can t o  can and a r e  gene ra l ly  too  high t o  account f o r  the l o s s  of a i r  by 
can leakage;  t h i s  sugges ts  some kind of molecule-for-molecule displacement 
mechanism. Methane, e thane ,  and propane usua l ly  appea r  i n  decreas ing  amounts 
i n  concordance wi th  t h e  observa t ions  of o the r  i n v e s t i g a t o r s  (19,201. F i n a l l y ,  
gas product ion seems r e l a t i v e l y  w e l l  c o r r e l a t e d  wi th  t h e  appearance of b lack  
s h a l e  as noted by t h e  w e l l  s i t e  core  d e s c r i p t i o n ,  a l though t h i s  is c e r t a i n l y  
n o t  a hard and f a s t  r u l e .  

CONCLUSIONS 

A major conclusion would seem t o  be t h a t  the  isotherm and d i f f u s i o n  
parameters are not  s e n s i t i v e  func t ions  of depth o r  l i t h o l o g i c  type of Devonian 
s h a l e  a t  l e a s t  i n  the v i c i n i t y  of the  820403 w e l l .  I f  t h i s  ho lds  f o r  o the r  
l oca t ions  as w e l l ,  t h i s  means t h a t  averaged parameters can s a f e l y  be used i n  
w e l l  modeling s t u d i e s  of the  type discussed i n  the  in t roduc t ion  -- a g r e a t  
s i m p l i f i c a t i o n .  

Apparently even r e l a t i v e l y  c l o s e  layers of rock wi th in  t h e  Devonian sha le  
sequence a r e  not i n  qu i l ib r ium wi th  each o t h e r  i n  r e spec t  t o  t h e  chemical 
p o t e n t i a l  of hydrocarbon gases .  More work needs t o  be done i n  t h i s  a r e a ;  i n  
p a r t i c u l a r  we a r e  i n t e r e s t e d  i n  measuring the  d i f f u s i o n  cons t an t s  of s l a b s  
c u t  p a r a l l e l  t o  t h e  bedding p lanes .  A p r a c t i c a l  consequence of non-equilibrium 
i s  t h a t  the  w e l l  bore becomes a mechanism by which equi l ibr ium can be obta ined .  
Gas from an  outgass ing  region can be t rapped by an  adsorbing reg ion;  thus  i t  
i s  l o s t  t o  product ion.  The poss ib l e  magnitude of t h i s  e f f e c t  i s  under s tudy 
i n  our l abora t  or  i e  s . 

F i n a l l y  i t  seems poss ib l e  t o  reach some specu la t ive  conclusions pin- 
po in t ing  t h e  s l i ckens ide  na ture  of many n a t u r a l  f r a c t u r e s  as a source of 
slow w e l l  product ion.  F i t s  t o  a t  l e a s t  some a v a i l a b l e  production da ta  poin t  
t o  the  presence of s l i c k e n s i d e s  o r  some similar loca l i zed  c o n s t r i c t i o n  i n  the  
passage of gas from the  source rock t o  t h e  w e l l  bore.  This  c o r r e l a t e s  wi th  
comments of -var ious  personnel involved wi th  ca t a log ing  n a t u r a l  f r a c t u r e s  (21) 
t h a t  most n a t u r a l  f r a c t u r e s  a r e  s l i ckens ided  o r  mineral ized.  A t  t he  moment, 
p inpoin t ing  s l i c k e n s i d e  formation as a major c u l p r i t  i n  t he  observed c o n s t r i c t i v e  
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e f f e c t s  i s  supported by a s i n g l e  labora tory  measurement. This  i s  not  t o  imply 
t h a t  s l ickens ided  f r a c t u r e s  a r e  de t r imen ta l  t o  production ( t o t a l  production i s  
t h e  sum of the  production from each f r a c t u r e ) ,  but  r a t h e r  t h a t  t h e  removal of 
c o n s t r i c t i o n  from e x i s t i n g  f r a c t u r e s  w i l l  i t s e l f  r a i s e  production s i g n i f i c a n t l y .  
Work on the  r o l e  of s l i ckens ides  i n  w e l l  c o n s t r i c t i o n  and t h e i r  poss ib le  removal 
i s  cont inuing .  
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FIGURE CAPTIONS 

FIGURE I 

Flow r a t e  (mi l l i on  cubic  f t / d a . )  i s  p l o t t e d  aga ins t  t ime ( y e a r s ) .  Data i s  
from Ref. 5 .  The l i n e s  are f i t s  a s  descr ibed i n  t h e  t e x t .  Values of the  
parameters are as fol lows from upper t o  lower curves .  

S ize  (meters') x 1011 g (4 
1 . 2 1  

.845 

.506 

.254 

0 
4.79 
6.02 
6.32 

FIGURE I1 

The e f f e c t  of l oca l i zed  c o n s t r i c t i o n s  on w e l l  product ion.  The lower 
curve shows production from a w e l l  wi th  a high degree of l oca l i zed  construc-  
t i o n .  In  the  upper curves  these  c o n s t r i c t i o n s  are progress ive ly  removed. 
Note t h a t  production inc reases  and s h i f t s  t o  lower times. 

FIGURE I11 

Our labora tory  appara tus .  The slabbed o r  ground sample  i s  placed w i t h i n  
t h e  c e l l .  
Af t e r  V 1  i s  opened, t he  Datametr ics  Barocel monitors pressure  changes as 
a func t ion  of t ime.  The c a l i b r a t e d  bure t  permits q u a n t i t a t i v e  i n t e r p r e t a -  
t i o n  of the  pressure  readings  i n  terms of rates and amounts of gas product ion.  

I n i t i a l l y  t h e r e  i s  a known pressure  d i f f e r e n t i a l  ac ross  V1. 

FIGURE I V  

Moles of var ious  gases sorbed on a 5 . 6  gram sample as a func t ion  of pressure  
a t  3OoC. 
sugges t ing  a s i m p l e  adsorp t ion  mechanism f o r  entrainment of gas i n  t h e  rock.  

The s lopes  c o r r e l a t e  w e l l  wi th  t h e  molecular p o l a r i z a b i l i t i e s  
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TABLE 11. COMPARISON OF TYPE OF GRINDING 

Bal l  M i l l  Percuss ion  Mortar  

Sample I . D .  3446' 2-4" 3446' 2-4" 
C o r r e c t e d  Depth 3458'  2-4" 3458' 2-4" 
Bulk D e n s i t y  (g/cm3) 2.46 2 .46  
I so therms--  

He Dens i ty  (g/cm3) 2.47 2 . 6 7  
I n i t i a l  Slope O"C 

(Vol Gas/Vol Rock/Torr x CH4 3.31 3.46 
S u r f a c e  Area (Vol gas/Vol  Rock) N2 @ 7 7 K  1 . 4 0  .690 

CHq @ 0°C 2.59 3.25 
D i f f u s i o n  C o n s t a n t s  (cm2/sec x lo-+-  

N2 @ 770K 6 . 9 1  22.0 
Well S i t e  Core D e s c r i p t i o n  Black s h a l e  Black s h a l e  

TABLE 111. DIFFUSION OF CH4 I N  SLABS AT 0°C 

Well S i t e  Core S l a b  S u r f a c e  Correc ted  D i f f u s i o n  Constant  
Sample I . D .  Depth (cm2/sec x 10-7) D e s c r i p t i o n  D e s c r i p t i o n  

2736 ' 2-4" 2736 2-4" 12.5 Med. gray-green  D u l l  

3426'  2-4" 3438' 2-4" .589 Black s h a l e  Shiny 
3836'  2-4" 3855'  2-4" 22.0 Blue g r a y  s h a l e  D u l l  

laminated s i l t y  s h a l e  

TABLE I V .  OUTGASSING RESULTS, Volume of Gas Per Uni t  Volume of Rock 

'CH4 VC2H6 vco2 vQ2 
Sample I . D .  

2736' 2-4" .028 0 0 0 - .06 .08 
2806' 2-4" 0 0 0 0 - .06 .07 
3096'  2-4" .127 .04 0 0 - .135 - .03 
3 136 2-4" .09 .03 0 0 - .09 .02 
3 156 ' 2-4" .08 .04 0 0 - . l  0 
3281'  2-4" .06 .02 0 0 - .05 .05 
3396 ' 2-4" .200 .05 .02 0 - .15 - .11 
3416 ' 2-4" .740 .246 .154 .157 - .473 - .53 
3426'  2-4" .565 . 2  15 .139 0 - .26 - .65 
3446 ' 2-4" .704 .242 .158 0 - .29 - .54 
3456'  2-4'' .270 ,078 .040 0 - .14 - .15 
3496'  2-4" .12 .047 .016 0 - .072 - . l l  
3716'  2-4" .004 0 0 0 - -04 .02 
3836'  2-4" 0 0 0 0 .005 - .005 
3896' 2-4" .265 .073 .02 0 - .12 - .001 
4006'  2-4" .37 .12 .025 0 - .24 - .01 
4026'  2-4" 1.37 .523 .239 0 - .30 - .18 
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THE NEW ALBANY SHALE AND 
CORRELATIVE STRATA IN INDIANA 

John L. Bassett and Nancy R. Hasenmueller 
Indiana Geological Survey 
Bloomington, Indiana 

ABSTRACT 

The New Albany Shale has a maximum thickness of 337 feet in southwestern 
Indiana and thins northward and eastward to about 90 feet in the outcrop area. 
In the Michigan Basin, strata equivalent to the New Albany are 348 feet thick 
in Lagrange County. The base of the New Albany is 4,500 feet below sea level 
in southwestern Indiana, and the base of the Antrim Shale is 150 feet above 
sea level in northern Indiana (Lagrange County). 

In the Illinois Basin the New Albany is divided into four members: the 
Hannibal, Grassy Creek, Sweetland Creek, and Blocher Shales. The lithologic 
equivalents of the New Albany in the Michigan Basin are the Sunbury, Ellsworth, 
and Antrim Shales. 

The New Albany produced commercial gas from seven fields in Harrison 
County and one field in Martin County. 
in the New Albany in Daviess County. 

Two small gas fields have been found 

OBJECTIVES 

The first phase of the Eastern Gas Shale Project in Indiana has consisted 
of collecting drill hole data on the New Albany Shale and equivalent strata 
and studying the stratigraphy and structural framework of the units. 

Through July 1, 1977, study has been concentrated on five principal aspects: 
(1) preparing a map showing location of New Albany datum points, (2) dividing 
the New Albany into four members in the Illinois Basin, (3) determining the 
structure on both the top and the base of the formation, ( 4 )  preparing a map 
showing the thickness of the New Albany and equivalent rocks, and (5) preparing 
maps showing gas shows in the New Albany and underlying Middle Devonian limestone. 

INTRODUCTION 

Carbonaceous shales of Devonian-Mississippian age are present in the 
Illinois Basin in southwestern Indiana and in the Michigan Basin in northeastern 
Indiana. 
that of the Michigan Basin, but it has been removed by erosion along the 
northwestward-trending Cincinnati Arch (Lineback, 1970, p. 2). 

The New Albany Shale in the Illinois Basin was once continuous with 

Prepared for the Energy Research and Development Administration, 
under Contract No. EY-76-C-05-5204. 
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The New Albany paraconformably o v e r l i e s  t h e  Middle Devonian l imestone 
southwest of t h e  C inc inna t i  Arch province.  
Rockford Limestone i n  southwestern Indiana except  where the  Rockford is  n o t  
p re sen t  and t h e  New Albany is d i r e c t l y  o v e r l a i n  by the  Miss i ss ippian  New 
Providence Shale  (Borden Group). I n  t h e  Michigan Basin s t ra ta  equiva len t  t o  
t h e  New Albany o v e r l i e  t he  Middle Devonian l imestone and are  o v e r l a i n  by t h e  
Coldwater Shale  (Miss i ss ippian) .  

The New Albany i s  o v e r l a i n  by t h e  

I n  southwestern Indiana t h e  New Albany Shale c rops  out  on the  f l a n k  of 
t h e  C inc inna t i  Arch, where i t  ranges i n  t o t a l  t h i ckness  from 90 t o  130 feet .  
The rocks both d i p  and th icken  southwestward i n t o  t h e  I l l i n o i s  Basin and 
a t t a i n  a maximum th i ckness  of 337 f e e t  i n  extreme southwestern Indiana.  I n  
the  southern  p a r t  of t h e  Michigan Basin strata equiva len t  t o  t h e  New Albany 
are as much as 348 f e e t  t h i ck .  

The two dominant l i t h o l o g i e s  of t h e  New Albany are a brownish-black 
organic  s h a l e  and a greenish-gray nonorganic sha le .  The brownish-black organic  
s h a l e  c o n s t i t u t e s  more than  80 percent  of t h e  New Albany i n  the  southwestern 
p a r t  of t h e  I l l i n o i s  Basin (Lineback, 1970, p. 4 ) .  Elsewhere i n  Indiana the  
brownish-black organic  s h a l e  c o n s t i t u t e s  only 20 t o  40 percent  of t h e  New Albany 
Shale  and equiva len t  s t r a t a  (Lineback, 1970, f i g .  2 ) .  

The coun t i e s  r e f e r r e d  t o  i n  t h i s  paper are shown i n  f i g u r e  1. 

STRATIGRAPHY 

I l l i n o i s  Basin: 

The name New Albany Shale  w a s  proposed by Borden (1874, p. 158) f o r  t he  
brownish-black s h a l e  exposed a t  New Albany, Floyd County, Indiana.  On the  b a s i s  
of l i t h o l o g y ,  paleontology,  and j o i n t i n g ,  Campbell (1946, p. 835) subdivided t h e  
un i t  i n t o  s e v e r a l  formations and members. On the  b a s i s  of l i t h o l o g y ,  Lineback 
(1968, p. 1291) subdivided t h e  New Albany i n t o  f i v e  members i n  t h e  outcrop b e l t :  
Blocher, Selmier,  Morgan Trail,  Camp Run, and Clegg Creek ( i n  ascending o r d e r ) .  
Becker (1974, p. 45) ,  us ing  l i t h o l o g i c  samples and geophysical l o g s ,  recognized 
t h e  lowermost outcrop member, t h e  Blocher, i n  t h e  subsur face  i n  the  I l l i n o i s  
Basin, bu t  he d id  no t  d i f f e r e n t i a t e  o t h e r  outcrop members i n  t h e  subsur face .  
He (1974, p. 45, 46) a l s o  recognized and descr ibed  t h e  Hannibal Member as t h e  
uppermost member of t h e  New Albany Shale  i n  t h e  subsurface of Indiana.  

I n  t h e  p re sen t  s tudy f i v e  north-south and s i x  west-east s t r a t i g r a p h i c  
c r o s s  s e c t i o n s  were compiled by using geophysical  l ogs  of 109 s e l e c t e d  w e l l s  
i n  t h e  I l l i n o i s  Basin. 
examined when they w e r e  a v a i l a b l e .  A s  a r e s u l t  of t h i s  s tudy t h e  subsur face  
New Albany has been subdivided i n t o  four  members: Blocher, Sweetland Creek, 
Grassy Creek, and Hannibal ( i n  ascending o r d e r ) .  

L i tho log ic  s t r i p  l o g s  f o r  t h e  s e l e c t e d  w e l l s  were 

Blocher Member - The name Blocher Formation w a s  f i r s t  used by Campbell 
(1946, p. 840) f o r  t h e  brownish-black organic- r ich  ca lcareous  t o  dolomi t ic  
s h a l e  i n  t h e  b a s a l  p a r t  of t h e  New Albany. Lineback (1968, p. 1295) redef ined  
t h e  Blocher of Campbell by r a i s i n g  the  upper boundary of t h e  u n i t  t o  t he  base 
of t h e  greenish-gray s h a l e  of t h e  Selmier Member. Col l inson and o t h e r s  (1967, 
f i g .  13 ) ,  us ing  geophysical  d a t a ,  mapped the  th ickness  and d i s t r i b u t i o n  of t h i s  
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u n i t  i n  t h e  I l l i n o i s  Basin. Lineback (1970, f i g .  7 ) ,  using l i t h o l o g i c  
c h a r a c t e r i s t i c s ,  mapped t h e  Blocher i n  southwestern Indiana s l i g h t l y  t h i c k e r  
than Coll inson and o t h e r s .  
u n i t  are based p r imar i ly  on geophysical l o g  evidence. 

I n  t h i s  r e p o r t  r ecogn i t ion  and th i ckness  of  t h e  

On electric l o g s  t h e  Blocher is recognized as a h i g h - r e s i s t i v i t y  u n i t  a t  
t h e  base of t he  New Albany over ly ing  Middle Devonian l imestone i n  t h e  I l l i n o i s  
Basin ( f i g .  2A). The Blocher i s  48 f e e t  t h i c k  i n  t h e  southwestern p a r t  of t h e  
bas in  and t h i n s  t o  t h e  n o r t h  and east. North of c e n t r a l  Vigo County t h e  Blocher 
i s  not  recognized on e l e c t r i c  logs .  

Sweetland -- Creek Member - The name Sweetland Creek w a s  f i r s t  used by Udden 
(1899, p .  65-78) f o r  s t ra ta  exposed a long  Sweetland Creek, Muscatine.County, 
Iowa. The Sweetland Creek Shale  as redef ined  by Coll inson and o t h e r s  (1967, 
p. 960) is r e s t r i c t e d  t o  t h e  greenish-gray s h a l e s  underlying t h e  Grassy Creek 
( a  b lack  organic  s h a l e )  a t  t h e  type sec t ion .  Meents and Swann (1965, f i g .  4 )  
t r aced  t h e  Sweetland Creek as an ''unnamed sha le"  from I l l i n o i s  i n t o  southwestern 
Indiana.  

I n  the  subsur face  of Indiana t h e  name Sweetland Creek Member of t h e  New 
Albany Shale  is  beirtg app l i ed  t o  the  s l i g h t l y  ca lcareous  t o  dolomi t ic  greenish-  
gray t o  very dark-gray s h a l e  underlying the  b lack  s h a l e s  of t h e  Grassy Creek. 
The Sweetland Creek o v e r l i e s  t he  Blocher i n  t h e  deeper p a r t  o f  t h e  bas in ;  
however, where t h e  Blocher i s  no t  p re sen t ,  no r th  of c e n t r a l  Vigo County, t h e  
Sweetland Creek rests on Middle Devonian l imestone.  The s h a l e s  of t he  Sweetland 
Creek are genera l ly  l i g h t e r  i n  co lo r  and have a lower r e s i s t i v i t y  on an e l e c t r i c  
l o g  than t h e  Blocher o r  t h e  Grassy Creek ( f i g .  2A). 

The Sweetland Creek i s  49 f e e t  t h i c k  i n  Posey County and t h i n s  eastward 
t o  1 3  f e e t  i n  Washington County. The u n i t  t h i n s  northward t o  no r the rn  Vigo 
County, and n o r t h  of t h a t  po in t  i t  th ickens  s l i g h t l y  a t  t h e  expense of t h e  
over ly ing  Grassy Creek. 

Grassy Creek Member - The Grassy Creek Shale  w a s  named by Keyes (1898, 
p. 59-63) f o r  exposures a long  Grassy Creek i n  Pike County, Missouri .  Meents 
and Swann (1965, f i g .  4 )  and Coll inson and o t h e r s  (1967, f i g .  7) recognized 
t h e  Grassy Creek i n  t h e  subsur face  of  I l l i n o i s  and t r aced  t h i s  u n i t  i n t o  
southwestern Indiana.  

In  t h e  p re sen t  s tudy  t h e  name Grassy Creek Member of t he  New Albany Shale  
is  app l i ed  t o  t h e  brownish-black organic- r ich  p y r i t i c  noncalcareous s h a l e  t h a t  
o v e r l i e s  t h e  Sweetland Creek and unde r l i e s  t he  greenish-gray s h a l e s  of t h e  
Hannibal. In  t h e  subsur face  the  high r e s i s t i v i t y  of t h e  u n i t  on e lec t r ic  logs  
d i f f e r e n t i a t e s  i t  from t h e  u n i t s  below and above ( f i g .  2A). The Grassy Creek 
i s  118 f e e t  t h i c k  i n  Posey County and becomes th inne r  and less organic  t o  t h e  
no r th  and east. 

Hannibal Member - The Hannibal Shale  w a s  named by Keyes (1892, p .  289) 
f o r  75 f e e t  of sandy s h a l e  exposed a t  Hannibal, Missouri .  The Hannibal i s  as 
much as 100 f e e t  t h i c k  i n  western I l l i n o i s  and t h i n s  eastward i n  t h e  I l l i n o i s  
Basin ( W i l l m a c  ,lid o t h e r s ,  1975, p. 130) .  Meents and Swann (1965, f i g .  4) and 
Coll inson and o t h e r s  (1967, p.  947) t r aced  a combined Hannibal-Saverton u n i t  
i n t o  southwestern Indiana.  Becker (1974, p. 4 8 )  proposed t h a t  i n  t h e  subsur face  
of Indiana t h e  name Hannibal Member of t he  New Albany Shale be app l i ed  t o  t h e  
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greenish-gray s h a l e  t h a t  l i e s  between t h e  base of t h e  Rockford Limestone and 
t h e  t o p  of t h e  b l ack  s h a l e s  of t h e  New Albany. 

The Hannibal i s  greenish-gray noncalcareous low-organic s h a l e  cha rac t e r i zed  
by low electr ical  r e s i s t i v i t y  on a geophysical l og  ( f i g .  2A). This u n i t  can be 
d i f f e r e n t i a t e d  from t h e  greenish-gray s h a l e s  of t h e  New Providence only  when 
o v e r l a i n  by t h e  Rockford Limestone. It is  48 f e e t  t h i c k  i n  Posey County and 
t h i n s  eastward i n  t h e  bas in .  

Michigan Basin : 

I n  the  southern  p a r t  of t he  Michigan Basin t h r e e  s t r a t i g r a p h i c  c r o s s  
s e c t i o n s  w e r e  compiled by us ing  geophysical l o g s  of 29 s e l e c t e d  w e l l s .  Three 
u n i t s  equ iva len t  t o  t h e  New Albany are recognized i n  no r the rn  Indiana:  
Antrim, El lsworth,  and Sunbury Shales  (from o l d e s t  t o  youngest) .  These u n i t s  
are more than  340 f e e t  t h i c k  i n  Lagrange County ( f i g ,  3 )  and t h i n  t o  t h e  east 
and w e s t .  I n  t he  western p a r t  of t h e  Michigan Basin the  New Albany equ iva len t s  
are o v e r l a i n  by t h i c k  g l a c i a l  d r i f t ,  and t o  t h e  east i n  Lagrange, Steuben, Noble, 
and DeKalb Counties they are o v e r l a i n  by t h e  Coldwater Shale  (Miss i ss ippian) .  
I n  genera l ,  t h e  strata have a lower percentage of organic  material than t h e  New 
Albany does i n  t h e  I l l i n o i s  Basin (Lineback, 1970, f i g .  2 ) .  

t h e  

Antrim Shale - The name Antrim Shale  w a s  proposed by Lane (1901, p .  9) 
f o r  an exposure of s h a l e  i n  Antrim County, Michigan, The Antrim i n  the  southern  
p a r t  of t h e  Michigan Basin i s  predominantly b lack  organic-r ich s h a l e  wi th  greenish- 
gray ca lcareous  s h a l e  i n  t h e  lower p a r t  of t h e  u n i t  from LaPorte County eastward. 
The n a t u r a l  gamma r a d i a t i o n  of t h e  u n i t ,  except  f o r  t h e  lower p a r t ,  is  high 
( f i g .  2B). The Antrim ranges from about 70 t o  220 f e e t  i n  th i ckness  and th ickens  
eastward as t h e  greenish-gray s h a l e  of t h e  El lsworth grades i n t o  t h e  b lack  organic  
s h a l e  of t h e  A n t r i m .  

El lsworth Shale  - The name El l swor th  Shale  w a s  formally proposed by Newcombe 
(1933, p. 49-51) f o r  greenish-gray s h a l e  exposed i n  a quarry near  El lsworth,  
Antrim County, Michigan. 
interbedded greenish-gray nonorganic s h a l e  and b lack  organic  s h a l e  t h a t  e x h i b i t s  
moderate t o  high n a t u r a l  gamma r a d i a t i o n .  The upper p a r t  of t h e  El lsworth is  
greenish-gray nonorganic s h a l e  cha rac t e r i zed  on a gamma ray  l o g  by low gamma 
r a d i a t i o n  ( f i g .  2B). Both t h e  upper and lower p a r t s  of t h e  El lsworth extend 
i n t o  t h e  nor thern  p a r t  of t h e  I l l i n o i s  Basin (Lineback, 1970, p. 32) .  The upper 
p a r t  may c o r r e l a t e  w i t h  t he  Hannibal Member of t h e  New Albany Shale .  

The lower p a r t  of t h e  El lsworth Shale  c o n s i s t s  of 

Sunbury Shale  - The Sunbury Shale was o r i g i n a l l y  descr ibed  as t h e  Sunbury 
Black S l a t e  by Hicks (1878, p. 216, 220) f o r  s h a l e  exposed i n  Delaware County, 
Ohio. 
t h i ck .  This u n i t  has  high gamma r a d i a t i o n  and i s  recognized on gamma ray  logs  
i n  Lagrange, Steuben, Noble, and DeKalb Counties.  The Sunbury sepa ra t e s  t h e  
greenish-gray s h a l e s  of t h e  El lsworth from those  of t h e  Coldwater Shale.  In  
areas where t h e  Sunbury is  not  p re sen t ,  t h e  El lsworth cannot r e a d i l y  be separa ted  
from t h e  ove r ly ing  Coldwater Shale  ( f i g .  2B). 

The Sunbury i n  no r the rn  Indiana i s  b lack  organic  s h a l e  about 10 feet 

STRUCTURE 

A s t r u c t u r e  contour  map on t h e  base of t h e  New Albany Shale  and i t s  
equ iva len t s  w a s  compiled from about  1,400 w e l l  r ecords  i n  t h e  I l l i n o i s  Basin 
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and about 400 w e l l  records  i n  t h e  Michigan Basin. Where a v a i l a b l e ,  datum p o i n t s  
w e r e  s e l e c t e d  a t  a dens i ty  of one w e l l  pe r  s e c t i o n  and contoured a t  a 100-foot 
i n t e r v a l .  Figure 4 ,  with  a contour i n t e r v a l  of  500 f e e t  i n  t h e  I l l i n o i s  Basin, 
is  a s i m p l i f i e d  ve r s ion  of t h e  o r i g i n a l  map. 

The New Albany Shale  both  th ickens  and d i p s  i n t o  t h e  I l l i n o i s  Basin. I n  
t h e  outcrop b e l t  t h e  base of t h e  formation is  500 t o  600 f e e t  above sea level. 
I n  extreme southwestern Indiana t h e  base of t h e  s h a l e  is 4,500 f e e t  below s e a ,  
level. Within 20 m i l e s  of t h e  outcrop b e l t  t h e  rocks d i p  20 t o  30 f e e t  p e r  m i l e  
t o  t h e  southwest;  t h e  d i p  inc reases  basinward and i s  about 40 t o  60 f e e t  p e r  
m i l e  i n  southwestern Indiana.  
s h a l e  i s  d i s tu rbed  l o c a l l y  by t h e  M t .  C a r m e l  Fau l t  and by a series of small  
domal s t r u c t u r e s  r e f l e c t e d  upward from S i l u r i a n  r e e f s .  

This  gene ra l ly  uniform southwester ly  d i p  of t h e  

The M t .  Carmel Fau l t  i n  south-cent ra l  Indiana is a normal f a u l t  downthrown 
on t h e  w e s t  (basinward) s i d e  about 100 f e e t .  Rocks on t h e  basinward s i d e  of 
t h e  f a u l t  are fo lded  i n t o  a southward-plunging a n t i c l i n e  i n  Monroe, Lawrence, 
and Washington Counties ( f i g .  4 ) .  

S i l u r i a n  r ee f  s t r u c t u r e s  extend i n  a b e l t  from Vigo and Clay Counties 
southward t o  Dubois County. The s t r u c t u r e s  are gene ra l ly  about one m i l e  i n  
diameter and are represented  on t h e  New Albany s t r u c t u r e  map by small domal 
areas wi th  100 t o  150 f e e t  of c losu re .  
some of t h e  r ee f  s t r u c t u r e s .  

The New Albany t h i n s  s l i g h t l y  over  

The base of t h e  Sunbury-Ellsworth-Antrim i n t e r v a l  i n  the  Michigan Basin 
d i p s  northward a t  10  t o  20 f e e t  pe r  m i l e  beneath t h i c k  g l a c i a l  d r i f t  o r  
Miss i ss ippian  Coldwater Shale.  I n  no r the rn  Steuben County t h e  base  of t h e  
Antrim i s  approximately a t  sea l e v e l .  
i n t e r r u p t  t h e  northward d ip ,  a l though t h e r e  are several small f l e x u r e s  and 
l o c a l  v a r i a t i o n s  i n  s t r i k e  and d ip .  

No major f a u l t s  o r  r ee f  s t r u c t u r e s  

OCCURRENCE OF GAS 

Gas has  been produced from t h e  New Albany Shale  from seven f i e l d s  i n  
Harr ison County, one f i e l d  i n  Martin County, and two small f i e l d s  i n  Daviess 
County ( t a b l e  1). A l l  f i e l d s  are now l a r g e l y  abandoned except  t h e  one-well 
Bramble f i e l d  i n  Daviess County. Figure 5 shows t h e  d i s t r i b u t i o n  of t hese  
f i e l d s  and of o i l  and gas shows i n  t h e  s e l e c t e d  s tudy  w e l l s .  

Of t h e  some 1,400 s tudy  w e l l s  pene t r a t ing  t h e  New Albany Shale  i n  t h e  
I l l i n o i s  Basin,  about 6 percent  are r epor t ed  t o  have had some show of gas from 
t h e  sha le .  A c l u s t e r i n g  of gas shows is  found a long  t h e  M t .  C a r m e l  Fau l t  i n  
Monroe, Lawrence, and Washington Counties,  i n  western Greene County, and i n  
Harr ison County. 

The random d i s t r i b u t i o n  of gas  shows appears  t o  have no r e l a t i o n s h i p  to 
s t r u c t u r e .  
b e l t  i n  western Greene County, none of t h e s e  shows have been c o r r e l a t e d  wi th  
a s t r u c t u r a l  h igh  over a bur ied  r ee f  d e s p i t e  t h e  f a c t  t h a t  t h e r e  is  s i g n i f i c a n t  
o i l  and gas product ion from underlying Middle Devonian carbonates  over  thesg  
reef-induced s t r u c t u r e s  ( f i g .  6 ) .  

Although many gas shows have been repor ted  i n  t h e  S i l u r i a n  r ee f  
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Sorgenfre i  (1952) noted the c o r r e l a t i o n  of New Albany gas f i e l d s  i n  
Harr i son  County wi th  "nose" o r  "dome" s t r u c t u r e s .  
seen on t h e  scale and contour  i n t e r v a l  of t h e  p re sen t  map. The Loogootee 
North F i e l d  i n  Martin County ( f i g .  5) seems t o  have been a s soc ia t ed  wi th  a 
s m a l l  ba s in  o r  sync l ine  wi th  a few t ens  of f e e t  of c l o s u r e  (Sorgenfre i ,  1952). 
L i t t l e  c o r r e l a t i o n  is  seen between th ickness  of t h e  s h a l e  and t h e  occurrence 
of gas.  

Such a c o r r e l a t i o n  i s  no t  

In  Harr ison County, gas i n  t h e  New Albany has been gene ra l ly  produced i n  
the  upper p a r t  of t h e  formation (Grassy Creek Member), o r  from a zone 20 t o  30 
fee t  above t h e  base  (Sorgenfre i ,  1952). A t  t h e  s ingle-wel l  Bramble F ie ld  i n  
Daviess County, an i n i t i a l  product ion of 250 MCF/24 w a s  ob ta ined  from t h e  en t i re  
th ickness  of t h e  u n i t .  A t  t h e  Glendale F ie ld  the  s i n g l e  producing w e l l  y i e l d s  
gas from a zone seven f e e t  t h i c k  near  t h e  middle of t h e  u n i t .  

Sca t t e red  shows have been repor ted  from t h e  Antrim Shale ,  bu t  t h e r e  are 
no producing w e l l s  i n  t h e  Michigan Basin. 
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Tab le  1 

County F i e l d  name 

Dav ies s  Bramble 
Dav ies s  Glenda le  
H a r r i s o n  Corydon 
H a r r i s o n  E l i z a b e t h  
H a r r i s o n  Laconia  
H a r r i s o n  New Boston 

Data on g a s  f i e l d s  i n  t h e  New Albany Sha le  i n  I n d i a n a  
[Modif ied from Becker and Keller, 19761 

Average 
Discovery Number o f  i n i t i a l  Average 

y e a r  w e l l s  p r o d u c t i o n  depth 

1974 1 2 50MCF/ 24 1,700 
1940 1 750MCFl24 2,100 
1923 15 11OMCF/ 24 800 
1925 1 G a s  750 
1915 106 220MCFl24 7 00 
1885 13 245MCFl24 450 

H a r r i s o n  New Middletown 1923 26 120MCFl24 750 
H a r r i s o n  Rosewood 1895 21 225MCFI 24 300 
H a r r i s o n  Rosewood North ---- 4 Gas 300 
Mar t in  Loogootee Nor th  1902 12 780MCF/24 1,500 

P r e s e n t  s t a t u s  
(1977) 

A c t i v e  
Abandoned 

93% Abandoned 
Abandoned 

99% Abandoned 
85% Abandoned 
96% Abandoned 
90% Abandoned 

Abandoned 
92% Abandoned 
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I 1 . - . 
M I r H I G A N  

Figure 2. Geophysical log and stratigraphy of the New Albany Shale i n  the 
Illinois Basin (A )  and of the equivalent strata i n  the Michigan Basin (8). 

Pirvrs 3. Isopach map of the New Albany Shale and equivelenc strata i n  Indiana Pigvre 4 .  llap of Indiana showing structure an the base of the New Albany Shale 
and equivalent strata. 
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CHARACTERIZATION OF THE DEVONIAN SHALES AND EVALUATION OF THEIR 
ENERGY-PRODUCING POTENTIAL : SOME APPROACHES AND PRELIMINARY RESULT& 

Robert B.  Erwin, Lar ry  D .  Woodfork, Douglas G .  Patchen, 
Richard E. Larese, John J. Renton, Mary C .  Behling, Joseph F. 

Schwieter ing,  Donald W .  Neal, Robert J .  Vinopal and Susan L .  Duff ie ld2  

Abs t r ac t  

On J u l y  1, 1976 the  West Vi rg in i a  Geological  and Economic 
Survey i n i t i a t e d  an i n t e n s i v e  5-year s tudy of t he  Devonian s h a l e s  
i n  West Vi rg in i a  under a c o n t r a c t  from theU.S.Energy Research 
and Development Adminis t ra t ion.  T'ne o b j e c t i v e  of t h e  p r o j e c t  is  
t o  c h a r a c t e r i z e  adequately the  s h a l e s  and t o  determine accu ra t e ly  
t h e i r  t o t a l  energy-producing p o t e n t i a l  inc luding  n a t u r a l  gas and 
o i l ,  s y n t h e t i c  f u e l s ,  and r a d i o a c t i v e  minera ls .  The approach 
used is  a d e t a i l e d  and i n t e g r a t e d  s tudy  of t he  s t r a t i g r a p h y ,  
pe t ro logy ,  and geochemistry of t h e  s h a l e s  wi th  t h e  d a t a  s y n t h e s i s  
and a n a l y s i s  accomplished wi th  the  a s s i s t a n c e  of t h e  computer. 

Ten ta t ive  subsurface c o r r e l a t i o n s  have e s t a b l i s h e d  a general-  
i zed  s t r a t i g r a p h i c  framework f o r  the  Devonian s h a l e s  i n  the  
producing areas of West Vi rg in i a  which c o n s i s t s  of four  zones. 
I n  descending order  they are: an  upper i n t e r v a l  which comprises 
about one-half of t he  t o t a l  th ickness  of t he  s h a l e s  (approximately 
1200 f e e t )  and c o n s i s t s  of gray and greenish-gray s h a l e s  wi th  
sandy and s i l t y  zones p re sen t ;  a dark  gray t o  b lack  i n t e r v a l ,  
400 f e e t  t h i c k ,  cha rac t e r i zed  by f i n e r  g r a i n  s i z e ,  darker  c o l o r s ,  
and t h e  presence of spores  ( t h i s  i n t e r v a l  is  c a l l e d  the  "Brown 
shales ' '  by t h e  d r i l l e r s  and has  produced most of t he  n a t u r a l  gas ) ;  
a greenish-gray s h a l e  i n t e r v a l ,  400 f e e t  t h i ck ,  which l a c k s  s i l t  
and spores ;  and a lower b lack  s h a l e  i n t e r v a l .  The f i r s t  repor ted  
occurrence of t he  f o s s i l  a l g a ,  F o e r s t i a ,  i s  from the  "Brown sha le"  
zone i n  Lincoln County, West Vi rg in i a .  

L i t h o l o g i c a l l y ,  t h e  co re  samples analyzed t o  d a t e  can be 
grouped i n t o  6 rock types:  s h a l e ,  s i l t y  s h a l e ,  do lomi t ic  s h a l e ,  
sha ly  s i l t s t o n e ,  do los tone ,  and sha ly  sandstone.  Mineralogi- 
c a l l y ,  i l l i t e  comprises the  major p a r t  of t h e  a r g i l l a c e o u s  
f r a c t i o n ,  whereas qua r t z  c o n s t i t u t e s  t he  p r i n c i p a l  non-clay 
mineral .  
dolomite .  The most p reva len t  heavy mineral  is  p y r i t e .  Dark 
gray t o  brownish-black organic- r ich  s h a l e  c o n s t i t u t e s  t h e  most 
d i s t i n c t i v e  rock-type i n  the  p r i n c i p a l  "Brown sha le"  pay-zone 
i n t e r v a l .  Organic matter occurs  i n  s e v e r a l  forms. Vertical, 
mineral- l ined f r a c t u r e s  are important i n  f a c i l i t a t i n g  gas m i -  
g r a t i o n  and accumulation i n  most pay zones. Dolomite i s  the  

Carbonate i s  p resen t  i n  most specimens and is gene ra l ly  

Published wi th  permission of t he  Di rec to r  and S t a t e  Geologis t .  Funded 
under U.S. ERDA c o n t r a c t  no. EY-76-C-05-5199. 

West Vi rg in i a  Geological  and Economic Survey, P.O. Box 879, Morgantown, 
WV 26505. Phone: AC 304 292-6331. 
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main minera l  c o n s t i t u e n t  i n  t h e  f r a c t u r e  l i n i n g s ;  however, 
s m a l l  amounts of c a l c i t e  and b a r i t e  a l s o  are p resen t .  Mineral  
l i n i n g s  s e r v e  as propping agen t s  t o  hold f r a c t u r e s  open and 
thus are important  i n  main ta in ing  p o r o s i t y  and permeabi l i ty  
a long f r a c t u r e s .  Lenses of s i l t - s i z e  q u a r t z  and f e l d s p a r  
w i t h i n  t h e  s h a l e  may serve as condui t s  f o r  migra t ion  of t h e  gas  
from t h e  ma t r ix  material i n t o  t h e s e  f r a c t u r e s .  

The geochemical phase of t h e  s tudy  is d iv ided  i n t o  t h r e e  
b a s i c  p a r t s :  e lementa l  c h a r a c t e r i z a t i o n ,  mine ra log ica l  charac- 
t e r i z a t i o n ,  and b a s i c  organic  c h a r a c t e r i z a t i o n .  Elemental  
c h a r a c t e r i z a t i o n  w i l l  be approached i n  two ways. Bulk rock 
samples w i l l  be prepared and sub jec t ed  t o  wavelength d i s p e r s i v e  
X-ray spectroscopy t o  determine t h e  concen t r a t ions  of about  40 
elements .  These d a t a  w i l l  be combined wi th  the  pe t rographic  
and s t r a t i g r a p h i c  d a t a  i n  o rde r  t o  determine whether o r  n o t  
sys temat ic  s t r a t i g r a p h i c  v a r i a b i l i t y  e x i s t s  f o r  any one o r  com- 
b i n a t i o n  of e lements  w i t h i n  t h e  rock sequence. I t  a l s o  i s  a n t i -  
c i p a t e d  t h a t  s p e c i f i c  e lemental  d i s t r i b u t i o n s  w i l l  be tested on 
an i n d i v i d u a l  g r a i n  b a s i s  by employing t h e  microprobe c a p a b i l i t y  
of t h e  scanning e l e c t r o n  microscope (SEM) i n  conjunct ion  wi th  
the  energy d i s p e r s i v e  and wavelength d i s p e r s i v e  spec t rometers  
wi th  which t h e  SEM i s  equipped. Minera logica l  c h a r a c t e r i z a t i o n  
w i l l  be made by X-ray d i f f r a c t i o n  on t h e  same samples submit ted 
f o r  bu lk  elemental  a n a l y s i s .  Again, those  d a t a  w i l l  be combined 
wi th  t h e  pe t rographic  d a t a  and t h e  s t r a t i g r a p h i c  d a t a  i n  o rde r  
t o  test f o r  sys t ema t i c  mine ra log ica l  v a r i a t i o n s .  Mineral  i d e n t i -  
f i c a t i o n  on the  micro l e v e l  and composi t ional  phase v a r i a t i o n s  
w i l l  be i n v e s t i g a t e d  wi th  s p e c i f i c  minera l  types  by scanning 
e l e c t r o n  microscopy and energy d i s p e r s i v e  spectrometry.  The 
b a s i c  organic  c h a r a c t e r i z a t i o n  w i l l  be  performed by a combination 
pyrolysis-chromatography. The i n t e n t  i s  t o  provide a " f inger -  
p r i n t "  c h a r a c t e r i z a t i o n  of t h e  o rgan ic  components of each s e l e c t e d  
sample. These d a t a  w i l l ,  l i k e  t h e  rest, be app l i ed  t o  a geo- 
chemical-sedimentological model i n  o rde r  t o  tes t  whether o r  n o t  
the  b a s i c  organic  components vary  wi th in  t h e  rock s e c t i o n  i n  some 
sys temat ic  f a sh ion .  

Although much work remains t o  be  done, our  p r e s e n t  s ta te  
of knowledge sugges t s  t h a t  t h e  b e s t  p rospec t s  f o r  a d d i t i o n a l  
s h a l e  gas  reserves are where t h i c k  dark  s h a l e s  occur  over  deep- 
sea t ed  f a u l t s  which have been r e a c t i v a t e d  t o  produce n a t u r a l  
f r a c t u r e  systems w i t h i n  t h e  s h a l e .  

INTRODUCTION 

The "Devonian sha le s"  o r  "Brown sha le s"  comprise one of t h e  o l d e r ,  
Sha les  w i t h i n  but  least  s t u d i e d  o r  understood r e s e r v o i r s  i n  West Vi rg in i a .  

t h i s  s e c t i o n  have y i e lded  n a t u r a l  gas  f o r  n e a r l y  50 yea r s  from low-volume, 
shal low w e l l s  i n  t h e  western one-third of t h e  state,  b u t  u n t i l  r e c e n t l y  
t h e r e  w a s  l i t t l e  i n t e r e s t  by e i t h e r  i n d u s t r y  o r  government i n  a t t empt ing  t o  
determine o r  develop on a major scale t h e  p o t e n t i a l l y  l a r g e  energy r e sources  
of t he  Devonian s h a l e s  i n  the  Appalachian bas in .  
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On J u l y  1, 1976, under c o n t r a c t  from the  U.S. Energy Research and 
Development Adminis t ra t ion as p a r t  of i t s  Eas te rn  G a s  Shales  P r o j e c t ,  t h e  
W e s t  V i rg in i a  Geological  and Economic Survey i n i t i a t e d  an i n t e n s i v e  5-year 
program t o  c h a r a c t e r i z e  t h e  Devonian s h a l e s  i n  West Vi rg in i a  and t o  eva lua te  
t h e i r  energy-producing p o t e n t i a l .  
and d e t a i l e d  s t r a t i g r a p h i c ,  pe t ro log ic  and geochemical s tudy  of t h e  s h a l e s  
u t i l i z i n g  computer processing f o r  da t a  s y n t h e s i s  and a n a l y s i s .  The prel imi-  
nary r e s u l t s  of t h e  s tudy t o  d a t e  are b r i e f l y  summarized i n  t h i s  paper .  For 
more d e t a i l s  t he  reader  should r e f e r  t o  Larese and Heald (19771, Patchen 
(19771, Renton ( i n  press )  , and Schwieter ing and Neal ( i n  p r e s s ) .  

The approach t o  be used is a n  i n t e g r a t e d  

STRATIGRAPHY 

The "Devonian sha les"  comprise a t h i c k  sequence of f ine-grained c l a s t i c  
rocks which occupy the  s t r a t i g r a p h i c  i n t e r v a l  between the  base of t h e  Lower 
Miss i ss ippian  Berea Sandstone and the  top of t he  Lower Middle Devonian Onon- 
daga Limestone i n  the  western one- th i rdof  the  state.  The t e r m  "Brown shales" ,  
a l though o f t e n  used by d r i l l e r s  as a synonym f o r  t h e  Devonian s h a l e s ,  is  more 
c o r r e c t l y  r e s t r i c t e d  t o  darker ,  organic-r ich s h a l e s  wi th in  the  t h i c k e r  o v e r a l l  
Devonian c l a s t i c  i n t e r v a l .  The t o t a l  t h i ckness  of t he  Devonian c l a s t i c  i n t e r -  
v a l  v a r i e s  from less than 1000 f e e t  i n  the  gas-producing areas of the  south- 
western p a r t  of t h e  s ta te  t o  more than 7000 f e e t  i n  t h e  no r th -cen t r a l  sub- 
su r face  area of t h e  s ta te  and up t o  10,500 f e e t  i n  t h e  e a s t e r n  outcrops .  
However, t h e  po r t ion  of t h a t  o v e r a l l  i n t e r v a l  t h a t  c o n s i s t s  of b lack  o r  dark- 
gray s h a l e s  (so-cal led "Brown shales")  is  much less, ranging from 10 t o  60 
percent  of t h e  t o t a l  i n t e r v a l  i n  t h e  southwestern p a r t  of t h e  s ta te  where 
t h e r e  is  c u r r e n t l y  gas  product ion.  Although the  dark  s h a l e s  th icken  t o  the  
east they comprise a smaller percentage of t h e  t o t a l  s h a l e  s e c t i o n  and occur 
a t  g r e a t e r  d r i l l i n g  depths  (Figure 1). 

. 

Based on l i t h o l o g y  as determined from d r i l l e r s '  l o g s ,  sample s t u d i e s  
and geophysical  l ogs ,  Patchen (1977) has  e s t a b l i s h e d  a gene ra l  4-fold sub- 
d i v i s i o n  of t he  Devonian s h a l e s  i n  t h e  gas-producing area. I n  descending 
o rde r  the  four  

a )  

recognized subdiv is ions  of the  Devonian s h a l e s  are: 

An upper 1100- t o  1200-foot i n t e r v a l  c o n s i s t i n g  of gray and 
greenish-gray, sandy s i l t y  sha le s .  The lower 400 fee t  of 
t h i s  i n t e r v a l  con ta ins  less s i l t  and the  uppermost spore- 
bear ing  dark  sha le s .  
A 400-foot i n t e r v a l  c o n s i s t i n g  of upper and lower dark  gray  
t o  b lack  s h a l e  zones ( c a l l e d  "Brown sha le"  by the  d r i l l e r s ) ,  
separa ted  by a medium gray, o f t e n  s i l t y  s h a l e  zone. The 
s i l t  conten t  of t he  dark  gray t o  b lack  s h a l e s  gene ra l ly  
decreases  as the  upper and lower s h a l e s  become da rke r .  
Spores are o f t e n  noted w i t h i n  t h e s e  two dark  s h a l e s .  
Schwieter ing and Neal ( i n  p re s s )  have descr ibed  t h e  f i r s t  
repor ted  occurrence of t he  f o s s i l  a lga ,  F o e r s t i a ,  from t h e  
Brown s h a l e  zone i n  Lincoln County, West Vi rg in i a .  
A 300- t o  4OO-foot i n t e r v a l  of greenish-gray, u s u a l l y  non- 
s i l t y  sha le s .  This  p e r s i s t e n t  i n t e r v a l  can be t raced  over 
100 miles from e a s t e r n  Kentucky (where i t  is  r e f e r r e d  t o  as 
t h e  Big White S l a t e  by d r i l l e r s )  northward i n t o  Wood County, 
West Virg in ia .  
A lower, very  dark  gray t o  b l ack  s h a l e  i n t e r v a l  which ranges 
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from 200 t o  400 f e e t  i n  th ickness .  These o lde r  dark  s h a l e s  
are i n  genera l  darker  than the  younger dark  s h a l e s  i n  t h e  
"Brown shales ' '  zone and are o f t e n  ca lcareous  i n  t h e  lower 
100 t o  200 f e e t  of the  i n t e r v a l .  A t h i n  l imestone i s  o f t e n  
noted wi th in  t h e  lowest  b l ack  s h a l e  and is  usua l ly  r e f e r r e d  
t o  by d r i l l e r s  as t h e  Tul ly  Limestone. 

Fa r the r  t o  the  w e s t  and southwest a younger Brown s h a l e  is  p resen t  near  
t he  top of t h e  youngest zone i n  the  approximate s t r a t i g r a p h i c  p o s i t i o n  of t he  
Cleveland Shale  of Ohio. I n  nor th-cent ra l  West Vi rg in i a  numerous sandstones 
and s i l t s t o n e s  replacemuch of t h e  s h a l e  s e c t i o n ,  i n  p a r t i c u l a r  t h e  so-cal led 
Brown s h a l e s .  

PETROLOGY 

Based on pe t rographic  ana lyses  of f o r t y  s e l e c t e d  core  samples of Devon- 
i a n  s h a l e  from two w e l l s  i n  western and southwestern West Vi rg in i a ,  Larese 
and Heald (1977) grouped t h e  samples i n t o  6 rock types:  sha l e ,  s i l t y  sha le ,  
do lomi t ic  s h a l e ,  sha ly  s i l t s t o n e ,  do los tone ,  and sha ly  sandstone,  wi th  most 
samples  being s h a l e s  and s i l t y  s h a l e s .  Modal ana lyses  i n d i c a t e  t h a t  t he  
s h a l e s  average 89 percent  c lay-s ize  material, 9 percent  s i l t - s i z e  quartz-  
f e l d s p a r ,  and 2 pe rcen t  carbonate ,  whereas t h e  s i l t y  s h a l e s  average 65 
percent  c lay-s ize  material, 32 percent  s i l t - s i z e  quar tz - fe ldspar ,  and 3 per- 
cen t  carbonate .  Minera logica l ly ,  i l l i t e  comprises the  major p a r t  of t he  
a r g i l l a c e o u s  f r a c t i o n ,  whereas qua r t z  c o n s t i t u t e s  t he  major non-clay minera l .  
Carbonate i s  p resen t  i n  most specimens and i s  gene ra l ly  dolomite.  The most 
preva len t  heavy mineral  i s  p y r i t e .  

The co lo r  of t he  s h a l e s  i n  hand specimen ranges from g reen i sh  gray  t o  
b lack .  
l i g h t  t a n  t o  dark  brown. The brown c o l o r  of t he  s h a l e s  i s  due t o  organic  
matter which comprises as much as 4.4 percent  by weight of some samples. The 
organic  matter occurs  i n  s e v e r a l  d i f f e r e n t  forms: f i n e l y  d iv ided  matter 
which imparts  a reddish-brown c o l o r  t o  a r g i l l a c e o u s  material as seen i n  t h i n  
s e c t i o n ,  i r r e g u l a r  reddish-brown shreds  which may r ep resen t  woody material, 
and d i s c r e t e  organic  bodies  such as spores .  

I n  t h i n  s e c t i o n  the  s h a l e  i s  much l i g h t e r  i n  c o l o r ,  ranging from 

I n  t h e  pay zones of both w e l l s ,  mineral- l ined,  v e r t i c a l  f r a c t u r e s  were 
commonly noted.  There appears  t o  be cons iderable  d i s p e r s i o n  i n  t h e i r  o r i en ta -  
t i o n  wi th in  the  pay zone. V e r t i c a l ,  mineral- l ined f r a c t u r e s  are be l ieved  t o  
be very important i n  f a c i l i t a t i n g  gas migra t ion  and accumulation i n  most pay 
zones. Dolomite i s  the  main minera l  c o n s t i t u e n t  i n  f r a c t u r e  l i n i n g s ;  however, 
small amounts of ca lc i te  and b a r i t e  a l s o  are p resen t .  Except where v e i n  
f i l l i n g  w a s  complete, mine ra l i za t ion  may have been very  important i n  main- 
t a i n i n g  openings along f r a c t u r e s  through the  propping a c t i o n  of minera ls  
growing o u t  from the  w a l l s  of t he  f r a c t u r e s .  

I n  very  dark,  o rganic- r ich  s h a l e  specimens, c l a s t i c  s i l t - s i z e  qua r t z  
A l -  and f e l d s p a r  are commonly segregated i n t o  l e n s e s  para l le l  t o  bedding. 

though not  e a s i l y  seen  i n  hand specimen, t hese  s i l t  l e n s e s  are r e a d i l y  
apparent  i n  t h i n  s e c t i o n  and commonly occur a t  r e g u l a r  i n t e r v a l s  i n  otherwise 
homogeneous appearing s h a l e s .  These l e n s e s  probably have h igher  permeabi l i ty  
than the  s h a l e  and, t he re fo re ,  may s e r v e  as condui t s  f o r  t h e  migra t ion  of gas  
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from the  s h a l e  mat r ix  t o  f r a c t u r e  zones where much of t he  gas  u l t i m a t e l y  
accumulates.  

GEOCHEMISTRY 

The geochemical phase of t h e  s tudy  involves  t h r e e  b a s i c  p a r t s :  e lemental  
c h a r a c t e r i z a t i o n ,  minera logica l  c h a r a c t e r i z a t i o n ,  and b a s i c  organic  c h a r a c t e r i -  
za t ion .  To d a t e  most of t he  work accomplished i n  t h i s  phase of t h e  s tudy has  
been i n  minera logica l  c h a r a c t e r i z a t i o n  of t he  s h a l e s  f o r  pe t ro log ic  i n v e s t i -  
ga t ions .  Renton ( i n  p re s s )  has  descr ibed  t h e  use of uncorrected X-ray d a t a  
i n  semi-quant i ta t ive  a n a l y t i c a l  de te rmina t ions .  Only a very minor amount of 
e lemental  o r  b a s i c  organic  c h a r a c t e r i z a t i o n  has  been accomplished t o  da t e .  
However, t he  fol lowing paragraphs p re sen t  a b r i e f  d e s c r i p t i o n  of t he  approaches 
t o  be used and some of t he  goa ls  of t h i s  phase of t he  s tudy .  

Bulk rock samples w i l l  be  prepared and subjec ted  t o  wavelength d i s p e r s i v e  
X-ray spectroscopy t o  determine the  concen t r a t ion  of about 40 elements .  These 
d a t a  w i l l  be combined wi th  s t r a t i g r a p h i c  and pe t ro log ic  d a t a  i n  o rde r  t o  
determine whether o r  no t  sys temat ic  h o r i z o n t a l  o r  ver t ica l  s t r a t i g r a p h i c  
v a r i a t i o n  e x i s t s  i n  any one o r  combination of t h e  elements w i th in  t h e  rock 
sequence. Sepc i f i c  e lemental  d i s t r i b u t i o n s  wi th in  ind iv idua l  mineral  g r a i n s  
w i l l  be  determined by using t h e  microprobe of a scanning e l e c t r o n  microscope 
i n  conjunct ion wi th  i t s  energy d i s p e r s i v e  and wavelength d i s p e r s i v e  spectro-  
meters. 

Mineralogical  c h a r a c t e r i z a t i o n  w i l l  be accomplished by X-ray d i f f r a c t i o n  
u t i l i z i n g  t h e  same s a m p l e s  t h a t  were used f o r  bu lk  elemental  a n a l y s i s .  These 
d a t a  a l s o  w i l l  be  combined wi th  pe t ro log ic  and s t r a t i g r a p h i c  d a t a  t o  determine 
whether sys temat ic  minera logica l  v a r i a t i o n  e x i s t s  w i th in  the  s h a l e s .  Mineral 
i d e n t i f i c a t i o n  a t  t h e  micro l e v e l  and compositional phase v a r i a t i o n  w i l l  be  
inves t iga t ed  f o r  s p e c i f i c  mineral  types by scanning e l e c t r o n  microscopy and 
energy d i s p e r s i v e  spectrometry.  

The b a s i c  organic  c h a r a c t e r i z a t i o n  of t he  s h a l e s  w i l l  be  accomplished 
by a combination of pyrolysis-chromatography t o  provide a " f inge rp r in t "  charac- 
t e r i z a t i o n  of t he  organic  components of each s e l e c t e d  sample. 
w i l l  be  t e s t e d  f o r  sys temat ic  v a r i a b i l i t y  wi th in  the  s h a l e s .  

These d a t a  a l s o  

DATA PROCESSING 

A l l  d a t a  from the  s t r a t i g r a p h i c ,  pe t ro log ic ,  and geochemical phases of 
t h e  p r o j e c t  w i l l  be  synthesized and analyzed wi th  t h e  a i d  of t h e  computer 
through va r ious  s t a t i s t i ca l ,  mapping, and o the r  graphic  programs. The com- 
puter-generated information w i l l  be  combined wi th  o t h e r  s tandard  geologica l  
methods of i n t e r p r e t a t i o n  i n  order  t o  arr ive a t  t h e  b e s t  i n t e r p r e t a t i o n  of 
t he  depos i t i ona l ,  d i a g e n e t i c ,  and t e c t o n i c  h i s t o r y  of t he  Devonian s h a l e s .  
That,  i n  t u rn ,  when combined wi th  c h a r a c t e r i z a t i o n  d a t a  w i l l  permit  an  accu ra t e  
a p p r a i s a l  of t h e  t o t a l  energy-producing p o t e n t i a l  of the  s h a l e s  and p o i n t  t he  
way f o r  t h e  b e s t  exp lo ra t ion  and completion technologies  t o  be used f o r  
f u t u r e  development of t h a t  p o t e n t i a l .  
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EXPLORATION AND FUTURE RESEARCH 

Although a genera l ized  s t r a t i g r a p h i c  framework has  been e s t a b l i s h e d  f o r  
the  Devonian s h a l e s  i n  West V i r g i n i a  and t h e i r  major l i t h o l o g i e s  have been 
descr ibed ,  much work remains t o  be done t o  determine a c c u r a t e l y  the  d e t a i l e d  
c o r r e l a t i o n s  and f a c i e s  r e l a t i o n s h i p s  w i t h i n  t h e  s h a l e s  as w e l l  as t h e i r  
d e t a i l e d  pe t ro logy  and geochemistry. A t  p r e sen t ,  mapping of areas of t h i c k  
dark  s h a l e s  (Brown sha le s )  is  a major exp lo ra t ion  too l .  The importance of 
n a t u r a l  f r a c t u r e s  w i t h i n  t h e  s h a l e s  t o  gas product ion also has  been recognized. 
The o u t l i n e  of Brown s h a l e  product ion i n  West Vi rg in i a  co inc ides  s t r i k i n g l y  
wi th  the  t rend  of t h e  Rome trough (Figure 1). I t  has  been pos tu l a t ed  (Martin 
and Nuckols, 1976) t h a t  f r a c t u r e s  i n  the Devonian s h a l e s  i n  t h e  gas-producing 
areas r e s u l t  from r e a c t i v a t e d  movement of t he  basement f a u l t  b locks  t h a t  
comprise the  Rome trough. Therefore ,  our  p re sen t  s ta te  of knowledge sugges ts  
prime areas f o r  f u t u r e  exp lo ra t ion  f o r  Devonian s h a l e  gas  reserves should be 
where t h i c k  dark s h a l e s  o v e r l i e  t he  Rome trough o r  s i m i l a r  s t r u c t u r a l  f e a t u r e s .  
Much a d d i t i o n a l  work remains t o  be done on the  exac t  n a t u r e ,  cause and t iming 
of t he  f r a c t u r e s  as w e l l  as t h e i r  r e l a t i o n  t o  r eg iona l  stress and s t r u c t u r a l  
p a t t e r n s  below, wi th in ,  and above the  Devonian s h a l e s .  
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PRODUCTION FROM THE DEVONIAN SHALE 
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ABSTRACT 

The Department of Geology and Geography a t  West V i r g i n i a  Un ive r s i ty  
is  s tudying the s t r u c t u r a l  parameters t h a t  may a f f e c t  gas  product ion 
from t h e  Devonian shale i n  southwestern West V i r g i n i a  and e a s t e r n  Kentucky. 
The p r o j e c t  is designed t o  (1) document f r a c t u r e  p a t t e r n s  and s t r u c t u r a l  
deformation w i t h i n  and around areas of Devonian s h a l e  product ion;  
(2)  eva lua te  inexpensive geophysical  and remote sens ing  techniques t o  
l o c a t e  p o t e n t i a l l y  product ive  f r a c t u r e  zones; and (3)  s tudy  product ion 
w i t h i n  producing f i e l d s  f o r  comparison wi th  ad jacen t  non-productive areas 
t o  assess t h e  in f luence  of s t r u c t u r e  on product ion.  

Work w a s  i n i t i a t e d  t h i s  year  on r eg iona l  a n a l y s i s  of bas in  s t r u c -  
t u r e s ,  compilat ion of s u r f a c e  f r a c t u r e s  from e a s t e r n  Kentucky and 
West V i r g i n i a ,  shal low high frequency seismic and r e s i s t i v i t y  s t u d i e s  
t o  l o c a t e  f r a c t u r e  zones and groundwater s t u d i e s  above t h e  C o t t a g e v i l l e  
Devonian s h a l e  gas  f i e l d  f o r  comparison wi th  a product ion s tudy  of t h a t  
same f i e l d .  

OBJECTIVES 

The gene ra l  o b j e c t  of our  p r o j e c t  under c o n t r a c t  E(40-1)-5194 is  t o  
s tudy t h e  s t r u c t u r a l  parameters of t h e  Devonian s h a l e s  that e f f e c t  gas  
product ion i n  e a s t e r n  Kentucky and West V i r g i n i a  (Fig.  1). 

Prepared f o r  the Energy Research and Development Adminis t ra t ion,  
under Contract  No. E(40-1)-5194. 
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To t h a t  end, our  program is  s p e c i f i c a l l y  designed to :  

1. 

2. 

3 .  

4 .  

goa l  

Co l l ec t ,  compile, and ana lyze  geologic  d a t a  t o  cons t ruc t  
r eg iona l  s t r u c t u r e  maps of e a s t e r n  Kentucky and West Vi rg in i a .  

Determine i f  s t r u c t u r a l  types and s t y l e s  e f f e c t  product ion 
and determine i f  minor s t r u c t u r e s  as mapped i n  outcrop  could 
in f luence  product ion c h a r a c t e r i s t i c s .  

Determine i f  shallow seismic surveys can d e t e c t  near-surface 
f a u l t s  and f r a c t u r e  zones,  and i f  t h e  s t r u c t u r e  can be  de tec ted  
t o  f u r t h e r  determine how such f r a c t u r e s  relate t o  both produc- 
t i o n  from t h e  s h a l e  and t o  l i n e a t i o n s  observed on remotely 
sensed da ta .  

Determine i f  a r e l a t i o n s h i p  exis ts  between ground water move- 
ment and s h a l e  gas  p roduc t iv i ty .  

Through t h e  i n t e g r a t i o n  of our  work w i t h  o t h e r s  i t  i s  our  u l t i m a t e  
t o  d iscover  i f  r e l a t i o n s h i p s  e x i s t  between Devonian s h a l e  gas  pro- 

duc t ion  and geologic  s t r u c t u r e .  I f  such a r e l a t i o n s h i p  i s  e s t a b l i s h e d ,  
we w i l l  a t tempt  t o  develope a method o r  methods f o r  s e l e c t i n g  f avorab le  
sites t o  d r i l l  s h a l e  w e l l s  t h a t  have a higher  p o t e n t i a l  f o r  gas  produc- 
t i o n  than  t h e  norm f o r  t h a t  reg ion .  

MAJOR RESULTS 

The major r e s u l t s  of our  e f f o r t  have been: 

1. The p repa ra t ion  of pre l iminary  r e g i o n a l  s t r u c t u r e  maps on 
several horizons a c r o s s  t h e  s tudy area. 

2. The i n i t i a t i o n  of a r eg iona l  f r a c t u r e  mapping program of a 
p o r t i o n  of t h e  s tudy  area. 

3 .  The des ign  of shal low high-frequency s e i s m i c  equipment t o  map 
shal low f r a c t u r e  zones. 

4. The i n i t i a t i o n  of product ion s t u d i e s  of t h e  Mount Alto (Co t t agev i l l e )  
West Vi rg in i a  Devonian s h a l e  gas  f i e l d .  

GENERAL PROGRAM 

A major p a r t  of our  e f f o r t  dur ing  t h e  f i r s t  year  of t h i s  com- 
prehensive s tudy  has  been spent  i n  r e c r u i t i n g  and h i r i n g  q u a l i f i e d  
personnel ,  accumulating s t r u c t u r a l  and product ion d a t a  f o r  a n a l y s i s ,  
and o rde r ing  and designing seismic and remote sens ing  equipment. 
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I n  o rde r  t o  a t t a i n  t h e  o b j e c t i v e s  of our c o n t r a c t ,  t h e  i n v e s t i -  
g a t i o n  has  been d iv ided  i n t o  several s tudy  groups. 
each s tudy group i s  l i s t e d  below followed by a b r i e f  d e s c r i p t i o n  of 
t h e  gene ra l  t a s k s  and accomplishments of personnel  i n  t h a t  group. Not 
a l l  planned t a s k s  have been s t a r t e d  t h e  f i r s t  year  because de l ay  is  
necessary t o  i n t e g r a t e  and coord ina te  c e r t a i n  t a s k s  of our  c o n t r a c t  
wi th  those  of o t h e r  c o n t r a c t  groups.  Other t a s k s  have been delayed as 
they r e q u i r e  t h e  r e s u l t s  of pre l iminary  work of o t h e r  s tudy  groups t o  
be a v a i l a b l e  before  a n  e f f e c t i v e  work p lan  can be  designed f o r  em- 
barking on '  a second t a sk .  

The purpose of 

Regional S t r u c t u r e  S tudies  

The primary t a s k  of t h i s  group i s  t o  c o l l e c t  d a t a  and c o n s t r u c t  
maps t h a t  w i l l  provide a r eg iona l  s t r u c t u r a l  framework f o r  e a s t e r n  
Kentucky and West V i r g i n i a  (Fig. 1). Natura l ly ,  i t  i s  important  th'at 
t h e  r e g i o n a l  s t r u c t u r e  background b e  a v a i l a b l e  f o r  t h e  primary producing 
area of t h e  Devonian s h a l e  gas .  I n  o rde r  t o  eva lua te  t h e  importance 
of geologic  s t r u c t u r e  on product ion and i n  o rde r  t o  compare s t r u c t u r e  
wi th  t h e  r e s u l t s  of o t h e r  geologic  o r  geochemical i n v e s t i g a t i o n s .  The 
s tandard  1:250,000 map scale w i l l  f a c i l i t a t e  such comparisons. 

This  s tudy  w i l l  p rogress  a long t h r e e  l i n e s :  

1. 

2.  

3 .  

1. 

2. 

Compilation and i n t e r p r e t a t i o n  of bas in  s t r u c t u r e  

Compilation and i n t e r p r e t a t i o n  of r eg iona l  f r a c t u r e  p a t t e r n s  

Compilation and i n t e r p r e t a t i o n  of minor s t r u c t u r a l  f e a t u r e s  as 
mapped i n  t h e  outcropping Devonian sha le .  

Resu l t s  as of  J u l y  1977 are as  fol lows:  

Pre l iminary  s t r u c t u r e  maps (scale 1:250,000) have been compiled 
f o r  t h e  top  of t h e  Precambrian basement, t h e  base  of t h e  Onondaga 
and t h e  top  of t h e  Berea f o r  p a r t  o r  a l l  of t h e  s tudy  area. Maps 
( s c a l e  1:250,000) showing t h e  gene ra l  o u t l i n e  of product ion  from 
t h e  Devonian s h a l e  have a l s o  been compiled f o r  e a s t e r n  Kentucky 
and West Vi rg in i a .  

Compilation of l ineaments ,  j o i n t s ,  and i n - s i t u  stress measure- 
ments has  begun, and f i e l d  work t o  c o l l e c t  f r a c t u r e  d a t a  has  
been s t a r t e d  i n  e a s t e r n  Kentucky. A s  f r a c t u r e s  and l ineaments  
are de l inea ted  ( i n  p a r t  under a s e p a r a t e  g ran t  #E(40-1)-8040 ) 
comparison w i l l  be  made w i t h  t h e  product ion d a t a  being compiled 
i n  another  s tudy  group (see Product ion S tud ie s  below). As a 
p a r t  of t h i s  program w e  are mounting a m u l t i s p e c t r a l  camera i n  
a low-a l t i tude  a i r c r a f t  t o  o b t a i n  imagery over  producing areas 
t o  u s e  t h e  imagery f o r  f r a c t u r e  trace a n a l y s i s .  
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3 .  Outcrop s t u d i e s  of micro-s t ruc ture  found w i t h i n  t h e  Devonian 
s h a l e  w i l l  be  undertaken i n  conjunct ion w i t h  s i m i l a r  s t u d i e s  
planned f o r  ad jacen t  states by t h e  U.S. Geological  Survey. 
These s t u d i e s  w i l l  be  i n i t i a t e d  i n  t h e  f a l l  of 1977. 

Product ion S tud ie s  

It i s  our  f e e l i n g  t h a t  t h e r e  i s  perhaps nothing more important  
t o  t h e  e n t i r e  s h a l e  p r o j e c t  than  t h e  compilat ion and a n a l y s i s  of gas  
product ion from s h a l e  gas  f i e l d s  is  e s s e n t i a l  t o  t h e  p r o j e c t  i f  t h e  
r e s u l t s  of a l l  types  of r e s e a r c h  are t o  be  evaluated a g a i n s t  t h e  prac- 
t i ca l  y a r d s t i c k  of s h a l e  gas  product ion.  

The Mount Alto (Co t t agev i l l e )  f i e l d  w a s  s e l e c t e d  as t h e  i n i t i a l  
f i e l d  s tudy  area because t h e  primary ope ra to r  w i t h i n  t h i s  f i e l d ,  t h e  
Consolidated G a s  Supply Company, has  a l r eady  i n i t i a t e d  a s tudy  of 
t h a t  f i e l d  and has  e s t a b l i s h e d  a c l o s e  working r e l a t i o n s h i p  wi th  ERDA. 
W e  found a very  coopera t ive  a t t i t u d e  preva len t  f o r  a l l  o p e r a t o r s  i n  
t h a t  f i e l d  so t h a t  product ion d a t a  i s  now a v a i l a b l e  and is  being com- 
p i l e d  f o r  a n a l y s i s  from t h e  f i l e s  of several o t h e r  gas  companies 
ope ra t ing  i n  t h e  f i e l d .  Pre l iminary  r e s u l t s  of t h i s  a n a l y s i s  may be  
ready f o r  o r a l  p re sen ta t ion  a t  ERDA's f i r s t  Eas te rn  Gas Shales  meeting 
i n  October. 

Our p lans  ca l l  f o r  expanding Product ion S tud ie s  i n t o  o t h e r  areas 
of West V i r g i n i a  and e a s t e r n  Kentucky wherever product ion d a t a  are 
a v a i l a b l e  i n  s u f f i c i e n t  d e t a i l  and warrent  such s t u d i e s .  

I n  a d d i t i o n  t o  ou r  d e t a i l e d  a n a l y s i s  of gas  product ion w e  have 
a l s o  i n i t i a t e d  a shal low groundwater i n v e s t i g a t i o n  i n  t h e  Mount Alto 
f i e l d  area. 
w a t e r  y i e l d s  and deep gas  product ion from t h e  s h a l e  i s  based on t h e  
premise t h a t  f r a c t u r e  po ros i ty ,  which o f t e n  enhances groundwater pro- 
duc t ion  may a l s o  a f f e c t  product ion from t h e  underlying sha le .  While 
t h e  l ikelyhood of such an  i n t e r r e l a t i o n s h i p  may be s m a l l ,  i t  is  p o s s i b l e  
and, t h e r e f o r e ,  should b e  evaluated.  I f  t h e  product ion c h a r a c t e r i s t i c s  
from t h e  two d i f f e r e n t  r e s e r v o i r s  are similar, then  groundwater produc- 
t i o n  could be  used as a l e a d  t o  l o c a t i n g  more product ive  s h a l e  gas  w e l l s .  

The p o s s i b i l i t y  t h a t  a r e l a t i o n s h i p  e x i s t s  between ground- 

Geophysical S tud ie s  

Severa l  geophysical  methods have t h e  p o t e n t i a l  t o  l o c a t e  shal low 
f r a c t u r e  zones. 
adopted by o p e r a t o r s  t o  l o c a t e  f r a c t u r e s  must no t  be expensive because 
t h e  marginal  economics of s h a l e  gas  product ion demands f r u g a l i t y  i n  
exp lo ra t ion  procedures.  

I n  t h e  case of s h a l e  gas ,  any geophysical  method 

Our r e sea rch  program i n v e s t i g a t e s  i f  inexpensive shal low penetra-  
t i o n ,  r e s i s t i v i t y  and seismic devices  can r e a d i l y  l o c a t e  f r a c t u r e  zones 
a t  low c o s t .  
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Three areas (Fig.  1) have been s e l e c t e d  t o  test r e s i s t i v i t y  and 
seismic equipment a g a i n s t  known shal low f r a c t u r e  zones. The purpose 
of modifying s tandard  low-frequency seismic equipment t o  high-frequency 
i n v e s t i g a t i o n s  is  an a t tempt  t o  more p r e c i s e l y  d e f i n e  bed boundaries  
t o  determine i f  t hose  f r a c t u r e s  and f a u l t s  w i t h  minor o f f s e t s  can be  
i d e n t i f i e d .  I f  t h e  f r a c t u r e  zones a t  t h e  t h r e e  test  si tes can be  iden- 
t i f i e d  by any one of t h e  several methods t o  be t e s t e d ,  t hen  w e  i n t end  
t o  s tudy  t h e  Mount Alto (Co t t agev i l l e )  s h a l e  gas  f i e l d  and s e l e c t e d  
l ineaments  w i t h i n  t h e  Devonian s h a l e  gas  producing area i n  d e t a i l  t o  
determine i f  a c o r r e l a t i o n  e x i s t s  between f r a c t u r e s ,  l ineaments  and 
s h a l e  gas  product ion.  

LEGEND 
Outcrop a r e a  of D e v o n i a n  r o c k s  
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R E M O T E  S E N S I N G  M E T H O D S  F O R  
A P P L I C A T I O N  T O  N A T U R A L  G A S  P R O D U C T I O N  

F R O M  F R A C T U R E D  D E V O N I A N  S H A L E  R E S E R V O I R S  
O F  W E S T E R N  W E S T  V I R G I N I A  

Ebe rhard Werner 
Department o f  Geology and Geography 

West V i r g i n i a  Un ive rs i t y  
Morgan town, WV 26506 

A B S T R A C T  

Natura l  gas product ion from the Devonian b lack shales o f  the Appalachian 
Basin i s  from f r a c t u r e  permeab i l i t y .  The p o s s i b i l i t y  t h a t  w e l l s  d r i l l e d  on 
zones o f  increased f r a c t u r i n g  may be b e t t e r  producers coupled w i t h  the fac t  
t h a t  some f r a c t u r e  zones are v i s i b l e  on remote sensing imagery as photo- 
lineaments i n i t i a t e d  t h i s  p r o j e c t .  Photolineaments were mapped from var ious 
types o f  imagery, and n a t u r a l  gas i n i t i a l  product ion data were obtained from 
d r i l l e r ' s  logs. The r e l a t i o n  between i n i t i a l  product ion data and p rox im i t y  
t o  var ious types o f  photolineaments f o r  the gas we l l s  ind ica tes  t h a t  such 
re la t i onsh ips  are very complex. 

I N T R O D U C T I O N  

A s i g n i f i c a n t  f r a c t i o n  of a l l  hydrocarbon product ion i s  from we l l s  which 
e i t h e r  have in te rsec ted  n a t u r a l  f rac tu res  o r  which have had a r t i f i c i a l  f rac-  
tures produced i n  them. Such product ion comes from formations which, although 
" t igh t " ,  have considerable hydrocarbons trapped i n  i n te rg ranu la r  po ros i t y .  
These formations have such l o w  i n te rg ranu la r  permeab i l i t y  t h a t  the hydro- 
carbons, even na tu ra l  gas, can on ly  be produced economically from f rac tu res .  
The Middle and Upper Devonian b lack shales o f  the Appalachian Basin which 
under1 i e  the Plateau and eastern Cont inenta l  I n t e r i o r  physiographic provinces 
are e x c e l l e n t  examples o f  the f rac tu red  rese rvo i r .  I t  has been estimated 
tha t  as much as 460 q u a d r i l l i o n  cubic f e e t  o f  gas - p o t e n t i a l l y  200 t o  300 
years supply - may be i n  these shales; o f  t h i s ,  about 285 t r i l l i o n  cubic  feet  
could be ex t rac ted  under expectable cond i t ions  o f  technology and economics: 
Since most o f  the  we l l s  are p resent ly  on l y  marg ina l l y  p r o f i t a b l e ,  any explora-  
t i o n  technique which decreases the r a t i o  o f  low t o  h igh  producing we l l s  would 
increase the recovery. 

The a i m  of the present p r o j e c t  i s  t o  u l t i m a t e l y  develop a technique fo r  
p lanning w e l l s  which uses low-cost remote sensing methods. Mapping o f  f rac tu res  

References and i 1 l u s t r a t i o n s  a t  end o f  paper. 
Prepared for the Energy Research and Development Admin is t ra t ion  under 
Contract No. E-(40-1)-8040. 
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and use o f  such maps i n  p lanning w e l l  f i e l d s  has been a rou t i ne  procedure i n  
many areas. 
imagery, and any o the r  type o f  imagery ava i l ab le .  PhotoZineaments are  c o n t i -  
nuous l i n e a r  o r  c u r v i l i n e a r  features o r  alignments o f  d i s c r e t e  fea tures  which 
can be detected on a e r i a l  photographs o r  o ther  imagery? Such procedures have 
been found t o  be o f  s i g n i f i c a n t  a i d  i n  some a r i d  t e r r a i n s  such as those of 
nor thern  A f r i c a  o r  southwestern Asia. I n  the Uni ted States, photolineament 
mapping has been success fu l l y  used as an exp lo ra t i on  t o o l  by Columbia Gas i n  
t h e i r  Haysi F i e l d  i n  western V i r g i n i a  and southeastern Kentucky. 
found t h a t  f o r  w e l l s  producing from the  t i g h t  Berea s i l t s t o n e s ,  those w e l l s  
d r i l l e d  on o r  near photolineaments produced a t  about twice the r a t e  as the 
o ther  w e l l s ?  
i n  f rac tu red  rese rvo i r s  i s  no t  r e s t r i c t e d  s p e c i f i c a l l y  t o  s i t i n g  o f  we l l s .  
A r e l a t i o n s h i p  has been demonstrated among the o r i e n t a t i o n  pa t te rns  o f  photo- 
lineaments, sur face f rac tu res ,  subsurface f rac tu res ,  and reg iona l  s t ress  
f i e l d s ?  
s t i l l  be used f o r  p r e d i c t i n g  induced f r a c t u r e  o r i e n t a t i o n  i n  var ious  st imu- 
l a t i o n  procedures. 

Normally photolineaments a re  mapped from a i r  photos, s a t e l l i t e  

HeKe i t  was 

The p o t e n t i a l  usefulness o f  the photo l  ineament mapping procedures 

Thus, even i f  s p e c i f i c  s i t i n g  cannot be done, the techniques can 

M E T H O D  O F  S T U D Y  

Regional photolineaments were mapped from s a t e l l i t e  imagery a t  scales 
o f  :1,000,000 and 1:5,000,000. Local pa t te rns  were mapped a t  var ious  scales,  
bu t  most commonly a t  1:250,000 ( the  standard scale of the Eastern Gas Shales 
Pro e c t ) .  
areas; o r i e n t a t i o n  pa t te rns  were p l o t t e d ;  and pre fer red  o r i e n t a t i o n  d i r e c t i o n s  
determined. I n i t i a l  gas produc t ion  f i g u r e s  were obta ined from d r i l l e r ' s  logs 
on f i l e  w i t h  the West V i r g i n i a  Geological  and Economic Survey. 

Surface f r a c t u r e s  ( j o i n t s )  were measured on outcrops i n  se lected 

The area chosen f o r  t h i s  study cons is ts  of p o r t i o n s  of  West V i r g i n i a  and 
eas tern  Kentucky w i t h  small adjacent p o r t i o n s  of  V i r g i n i a  and Ohio a l so  
inc luded.(F ig.  1 ) .  The reasons f o r  choosing t h i s  area have been o u t l i n e d  
prev ious ly?  
o ther  areas where remote sensing methods have p rev ious l y  been app l ied  i n  e i t h e r  
geology o r  topography, and because i t  i s  under la in  by the Devonian has shales. 
Two count ies of  West V i r g i n i a  were a l s o  chosen f o r  d e t a i l e d  study: 1 )  Jackson 
County, which conta ins most o f  the C o t t a g e v i l l e  (Mount A l t o )  Gas F i e l d  and has 
been the scene o f  i n tens i ve  i nves t i ga t i ons  by personnel f rom the Morgantown 
Energy Research Center (MERC) and others;  2) Wayne County, which has passing 
through i t  several  major photo l  ineaments associated w i t h  the 3 8 t h  Para1 l e l  
Lineament and a l so  has a v a i l a b l e  a considerable amount o f  i n i t i a l  p roduc t ion  
data f o r  Devonian shale gas w e l l s .  

B r i e f l y ,  the  area i s  one of  i n t e r e s t  s ince i t  i s  d i f f e r e n t  from 

R E S U L T S  A N D  C U R R E N T  S T A T U S  

This  i s  the t h i r d  and l a s t  year o f  t h i s  p r o j e c t .  Th is  repo r t  i s  being 
prepared as much o f  the data gathered dur ing  the  preceeding year i s  be ing 
analyzed and r e s u l t s  are no t  y e t  ava i l ab le .  A f u l l  d iscuss ion w i l l  be a v a i l -  
ab le  i n  the  f i n a l  con t rac t  repo r t  ( con t rac t  t e rm ina t i on  date - 30 September) 
and a summary w i l l  be presented a t  the F i r s t  Eastern Gas Shales Symposium. 
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Results o f  previous years have a l ready been r e p ~ r t e d ; ~  on ly  b r i e f  sum- 
maries o f  the  cur ren t  year w i l l  be given here. 

Last  year i t  was discovered t h a t  the Wald-Wolfowitz Runs Test could be 
used t o  compare o r i e n t a t i o n  data d i s t r i b u t i o n s  ( i .e , ,  rose diagrams of photo- 
1 ineament o r  j o i n t  t rends) .  Subsequently, o t h e r  t e s t s  were evaluated and one, 
Kuiper 's  mod i f i ca t i on  o f  the Kolmogorov-Smirnov Test6 was adopted f o r  use i n  
some o f  the  s t a t i s t i c a l  analyses. A computer program t o  p l o t  o r i e n t a t i o n  
diagrams and t o  p rov ide  the s t a t i s t i c a l  analyses of the data d i s t r i b u t i o n s  
was completed. A d d i t i o n a l l y ,  a general mapping computer program t o  a i d  i n  
the  ana lys i s  o f  the  var ious types of data u t i l i z e d  by t h i s  p r o j e c t  was com- 
p le ted .  A d iscuss ion o f  the  c h a r a c t e r i s t i c s  of these programs i s  beyond the 
scope of  t h i s  repor t ,  but  they w i l l  be f u l  l y  descr ibed i n  the cont rac t  f i n a l  
repo r t .  

Th is  year 's  e f f o r t  i n  terms o f  t h i s  phase o f  the  p r o j e c t  cons is ted o f  
c o l l e c t i n g  data on j o i n t s  and comparing t h i s  w i t h  large-scale photolineament 
maps. Measurements o f  o r i e n t a t i o n  and o the r  p roper t i es  o f  f r a c t u r e s  on 
outcrops are  the pr imary f i e l d  data u t i l i z e d  i n  t h i s  p r o j e c t .  A r e l a t i o n s h i p  
between o r i e n t a t i o n  o f  f r a c t u r e s  i n  surface outcrops and f r a c t u r e s  i n  subsur- 
face hydrocarbon rese rvo i r s  has been es tab l i shed  f o r  some areas? 
a l so  a r e l a t i o n s h i p  between sur face f r a c t u r e s  and photolineaments i n  some 
a r e a ~ 9 ' ~  
d iscuss ion  o f  these re la t i onsh ips ;  on l y  a b r i e f  example o f  problems encountered 
and r e s u l t s  obta ined w i l l  be g iven here. 

There i s  

I n  the f i n a l  repo r t  o f  t h i s  cont rac t ,  there w i l l  be a more ex tens ive  

Problems encounteEd. I n  Jackson County (F ig .  1 shows loca t i on ) ,  the sur -  
face rocks are  o f  the Permo-Pennsylvanian Dunkard Group which i s  p r i m a r i l y  a 
d e l t a i c  sequence c o n s i s t i n g  o f  gray and red mudstones, s i l t s t o n e s ,  and channel 
and bar  sandstones. There 
are severa l  reasons why f rac tu res  measured on these sandstones may no t  be 
r e l i a b l e  i nd i ca to rs  o f  reg iona l  f r a c t u r e  pa t te rns .  The sandstones tend t o  be 
r e l a t i v e l y  small patches surrounded by the  mudstones. This  leads t o  two con- 
d i t i o n s .  F i r s t ,  reg iona l  f rac tu res  may n o t  be propagated through the  mudstones 
i n t o  the  sandstones. Thus, f r a c t u r e s  seen i n  the sandstones may w e l l  be due t o  
f r a c t u r i n g  o f  a b r i t t l e  mass on ly  poo r l y  supported by the  surrounding ra the r  
weak mudstones and so break ing up under i t s  own weight.  Second, the i r r e g u l a r  
shapes o f  the  sandstone bodies can cause r e f r a c t i o n  i n  a propagat ing f r a c t u r e  
and so change i t s  d i r e c t i o n .  I n  t h i s  case a l though the f rac tu res  are r e l a t e d  
t o  reg ional  f r a c t u r e  pa t te rns ,  the d i r e c t i o n s  found tend t o  d i f f e r  from t h a t  
pa t te rn .  

The most p reva len t  outcrops are  o f  the  sandstones. 

The e f fec ts  of these problems are p a r t i a l l y  reduced by a reg iona l  ana lys is  
us ing severa l  thousand measurments. With t h i s  q u a n t i t y  o f  data, e r r o r s  i n t r o -  
duced by f a c t o r s  a c t i v e  i n  small areas are e l  iminated o r  g r e a t l y  at tenuated. 
I n  any case, however, any ana lys i s  cannot depend on a mnaZZ e r r o r  margin. 
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Results. Figure 2 shows the  most important p re fe r red  o r i e n t a t i o n s  a t  
outcrops i n  Jackson County i n  the general area o f  the C o t t a g e v i l l e  Gas F ie ld .  
The rose t tes  show the main peaks a t  each i n d i v i d u a l  outcrop and the network 
o f  l i n e s  descr ibes the approximate i n t e r p o l a t i o n  between these outcrops of 
the probable reg iona l  o r i e n t a t i o n s  o f  sur face f rac tu res .  F igure 3 i s  a sum- 
mary o f  the  more prominent photolineaments o f  the same area as the  j o i n t  mea- 
surements. A comparison o f  f i g u r e s  2 and 3 shows t h a t  several  o f  the  trend!: 
are co inc ident .  The major p re fe r red  d i r e c t i o n s  on both diagrams are approx i -  
mately the same. There i s ,  however, c l e a r l y  n o t  complete agreement between 
the two pa t te rns .  Assuming a r e l a t i o n s h i p  between the  two types o f  features,  
the disagreement between the two se ts  o f  o r i e n t a t i o n s  could be caused by 
e i t h e r  1) the d i s t o r t i o n s  o f  j o i n t  d i r e c t i o n s  by sand lenses as o u t l i n e d  above, 
o r  2) a d i f f e r e n c e  i n  reac t i on  o f  the  shor t  ( j o i n t s )  and long (photolineaments) 
features t o  reg iona l  stresses which may have va r ied  i n  d i r e c t i o n .  There i s ,  
however, t o o  much coincidence o f  t he  o r i e n t a t i o n s  of the two sets  of data f o r  
i t  t o  be ignored e n t i r e l y .  Thus, i t  appears t h a t  the photolineament maps may 
serve t o  a t  l e a s t  p a r t i a l l y  p r e d i c t  sur face outcrop f r a c t u r e  d i r e c t i o n s .  The 
a d d i t i o n a l  step o f  p r e d i c t i n g  subsurface f r a c t u r e s  induced dur ing  s t i m u l a t i o n  
of w e l l s  i s  less  c e r t a i n  because o f  a d d i t i o n a l  r e s t r i c t i o n s  placed on t h e i r  
format ion by cond i t ions  under which they form. 

A considerable amount o f  raw data has been gathered but  a t  t h i s  w r i t i n g ,  
on l y  a small amount f o r  Wayne County has been analyzed. 

Problems encowztemd. Both the photolineament and the  gas i n i t i a l  pro-  
duc t ion  data presented problems. The gas product ion f i g u r e s  were der ived  from 
d r i l l e r ' s  logs on f i l e  w i t h  the West V i r g i n i a  Geological  and Economic Survey. 
The in fo rmat ion  on such logs i s  o f  v a r i a b l e  q u a l i t y ,  Often i t  i s  d i f f i c u l t  t o  
determine the source format ion o f  the gas produced. I t  i s  poss ib le  a l s o  t h a t  
some o f  the gas produc t ion  ascr ibed t o  the Devonian shale may come from another 
format ion.  Thus, desp i te  at tempts t o  e l i m i n a t e  e r r o r s  o f  t h i s  nature,  i t  i s  
e n t i r e l y  poss ib le  t h a t  such e r r o r s  never the less remain i n  the  data. Most w e l l s  
a c t u a l l y  were no t  used a t  a l l  because product ion data was n o t  given o r  because 
i t  c l e a r l y  inc luded produc t ion  from hor izons o ther  than the Devonian b lack  
shales. 

'Photolineament mapping presents many problems. A f fec t ing  the  ana lys is  
most i s  the  choice o f  imagery type and scale which i n  t u r n  a f f e c t  the  type 
o f  photolineament mapped. I f  too  l a rge  a scale of imagery i s  chosen, the map 
which r e s u l t s  w i l l  have so many l i n e s  t h a t  i t  approaches the appearance o f  ''a 
yard f i l l e d  w i t h  chickens scra tch ing  i n  the d i r t . "  Such "chicken-scratch" 
maps would tend t o  have some photolineament "near" almost any p o i n t  and any 
k i n d  o f  ana lys is  depending on r e l a t i v e  l oca t i ons  would probably be meaningless. 
(This  type o f  map i s  no t  t o t a l l y  useless, however, s ince the  o r i e n t a t i o n  
pa t te rns  can s t i l l  be used.) 

Results. I n  l i g h t  o f  the  above-mentioned problems, a t e s t  ana lys is  was 
done f o r  Wayne County. 
t e s t s  were c o l l e c t e d  from 175 w e l l s  and p l o t t e d  r e l a t i v e  t o  photolineaments 
der ived from s a t e l l i t e  images. No c lea r  p i c t u r e  emerged i n  r e l a t i o n  t o  the 

Product ion t e s t  f i gu res  of bo th  before and a f t e r  shot 
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a f te r - sho t  product ion t e s t s ,  but  t h i s  may be due t o  the l i m i t e d  na ture  o f  t h i s  
t e s t  case. I n  the case o f  the  before-shot data,  however, an unexpected r e l a t i o n -  
sh ip  d i d  appear. I n  a l l  cases, w e l l s  showing h igh  l eve l s  o f  na tu ra l  open f l o w  
d i d  no t  f a l l  on o r  very near t o  the  photolineaments. An explanat ion which has 
been advanced f o r  t h i s  r e l a t i o n s h i p  i s  t h a t  i f  the photolineaments a re  indeed 
representa t ive  o f  zones o f  more in tense f r a c t u r i n g ,  then the  gas i n  these zones 
may have been vented t o  the  atmosphere through open f rac tu res  which reach the  
ground surface. 

F U R T H E R  W O R K  

Considerable data ana lys is  s t i l l  remains t o  be done on t h i s  p r o j e c t .  
Natura l  gas product ion data w i l l  be compared w i t h  photolineament maps f o r  
the remainder of  the area o f  Devonian shale product ion i n  the  study area. 
Fur ther  compi la t ion  o f  f i e l d  data and i t s  i n t e g r a t i o n  i n t o  the ana lys i s  i s  
a l so  t o  be done. 

It i s  intended t h a t  t h i s  p r o j e c t  (a t  l eas t  f o r  t he  s tudy area):  
1) State the e f f e c t s  o f  photolineaments on product ion o f  hydrocarbons, i n  

2 )  Pred ic t  s i t e s  which are favorable f o r  d r i l l i n g  we l l s ,  t a k i n g  i n t o  account 

3)  Provide in fo rmat ion  on n a t u r a l  f r a c t u r e  systems t o  a i d  i n  p lanning 

p a r t i c u l a r ,  n a t u r a l  gas. 

both geo log ica l  s t r u c t u r e  and f r a c t u r e  systems. 

e f f i c i e n t  we l l  f i e l d s ,  and de r i ve  tha t  in format ion f rom imagery as the pr imary 
source. 

4) Provide appropr ia te  ana lys is  t o o l s  f o r  f u r t h e r ,  more extens ive s tud ies  o f  
the same general  na ture  as the present p r o j e c t .  

5)  P red ic t  o r i e n t a t i o n  o f  induced f r a c t u r e s  produced i n  f r a c t u r i n g  operat ions.  

I t  now appears tha t  (5) above w i  1 1  no t  be poss ib le  due t o  unavai l a b i  1 i t y  
o f  s u f f i c i e n t  data on induced f r a c t u r e s  w i t h i n  the study area. 

We hope t o  be able t o  p rov ide  the techniques t o  ,der ive the k i n d  o f  i n f o r -  
mation usefu l  t o  the  exp lo ra t i on  f o r  n a t u r a l  gas us ing  imagery w i t h  on l y  m in i -  
mal f i e l d  checking. 
p o i n t  where they may be used w i t h  conf idence by o thers .  

A d d i t i o n a l l y ,  we hope t o  develop the techniques t o  the 
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F ig .  1 - Area o f  study. The o v e r a l l  photol ineament s tudy covers t h e  area 
shown i n  s t i p p l e  p a t t e r n ,  t h e  area i n  West V i r g i n i a  u n d e r l a i n  by the  Devonian 
gas shales i s  approx imate ly  shown by the  shading. J - Jackson County, 
W - Wayne County. 

G-14/6 



I 
Fig.  2 - J o i n t  p a t t e r n s  i n  p a r t  o f  Jackson County, West V i r g i n i a .  
i n d i c a t e  the o r i e n t a t i o n  peaks a t  i n d i v i d u a l  ou tc rops .  
i n t e r p o l a t i o n s  o f  these d i r e c t i o n s  between ou tc rop  and are  probab ly  i n d i c a t i v e  
of  the r e g i o n a l  t rends .  

The r o s e t t e s  
L i g h t  l i n e s  a r e  

d i f f e r e n t  images used. 
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ASSESSMENT OF THE DEVONIAN SHALES IN THE APPALACHIAN 
BASIN FOR OIL AND GAS USING GEOCHEMICAL DATA 

Ronald E. Zielinski 
Monsanto Research Corporation 

Mound Laboratory* 
Miamisburg, Ohio 45342 

ABSTRACT 

Mound Laboratory, a prime Energy Research and Development 
Administration contractor, is performing detailed geochemical and 
geophysical studies on the Devonian Shales located in the 
Appalachian Basin. This study is part of the Eastern Gas Shales 
Program which is being directed by the Morgantown Energy Research 
Center. 

The geochemical analyses are being used to provide an accurate 
assessment of the oil and gas resources present in the shales. They 
delineate the geochemical zones within the shakintervals penetrated 
by wells, and they define the exploration significance of the wells 
with respect to natural gas production from the Devonian Shale 
formation. 

The detailed geochemical analyses of the shale intervals of 
three wells have been completed, and the results of these studies 
have been used not only to assess the gas present in the shale but 
also to evaluate the richness and the type (oil, condensate, or gas), 
of the sediments penetrated by these wells. 

*Mound Laboratory is operated for the U. S. Energy Research and 
Development Administration by Monsanto Research Corporation 
(Contract No. EY-76-C-04-0053) . 
Note: Copies o f  t h i s  paper a re  avai lable  from the author. 
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THERMAL MATURITY AND ORGANIC F A C I E S  OF 
DEVONIAN SHALES FROM SELECTED WELLS 

R. E .  Z i e l i n s k i  

Mound L a b o r a t o r y *  
Miamisburg, O h i o  4 5 3 4 2  

L .  J.  M a r t i n  

G e o C h e m  R e s e a r c h  I n c .  
H o u s t o n ,  Texas 7 7 0 4 3  

ABSTRACT 

An organic geochemical study was performed on core samples of the Devonian 

shale from wells in Ohio, Kentucky, and Illinois. The thermal ma.turity of the organic 

matter (kerogen) contained in the fine-grained sediments was investigated by vitri- 

nite reflectance and kerogen coloration (Thermal Alteration Index). The results indi- 

cate that the organic matter has been thermally matured to the ear ly  stages of petro- 

leum and associated gas generation. 

A suite of geochemical analyses designed to evaluate the organic richness, the 

hydrocarbon potential for gas, condensate, and/or oil, and the type of organic matter 

was performed on the samples analyzed for thermal maturity. 

of organic facies were  encountered. The rich organic facies (A) are characterized by 

abundant gas, gasoline, and gas-oil hydrocarbons, a high organic carbon content, and 

In general, two types 

*Mound L . a b o r a t o r y  i s  operated by Monsanto R e s e a r c h  C o r p o r a t i o n  
fo r  t h e  U. S.  E n e r g y  R e s e a r c h  and D e v e l o p m e n t  A d m i n i s t r a t i o n  
under C o n t r a c t  N o .  EY-76-C-04-0053. 
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organic matter prone to generate abundant oil and associated gas. 

chemical data, a second type of organic facies (€3) interbedded with the rich organic 

fa.cies (A) was encountered in Kentucky and Ohio wells. Organic facies B consist of 

sediments relatively lean in organic carbon and gas-oil hydrocarbons, and abundant 

Based on the geo- 

gas and gasoline hydrocarbons. 

coaly types of kerogen. The woody-coaly kerogen is presumed to indicate a nonmarine 

derived depositional source prone to generate predominately gas (methane). 

In most cases, facies B are composed of woody and 

INTRODUCTION 

Core samples from four wells drilled in Ohio, Kentucky, and Illinois have been 

analyzed geochemically for the purpose of assessing their fossil energy resource poten- 

tial. Organic geochemical data have been obtained for a better definition of the oil and 

gas contained in the Devonian shales. 

The hydrocarbon source potential of fine-grained sediments from various world- 

wide locations has been studied by many researchers (Bailey et al., and Welte, 1972). 

The hydrocarbon source rock studies were performed to investigate the organic rich- 

ness, type (gas, condensate, or oil), and state of thermal maturity of the hydrocarbon 

-- 

source rocks, and to determine their areal  and stratigraphic distribution. 

geochemical zones (organic facies) a r e  also delineaked. 

Specific 

The location of the four wells is displayed in Figure 1. In most cases, the en- 

tire stratigraphic unit of Devonian shale was cored. Samples for geochemical analyses 

were taken a t  30-foot intervals and stored in air-tight metal containers. Shortly after 

arrival a t  the laboratory, the container's air space was sampled for methane to hep- 

tane hydrocarbons. The container was opened and additional geochemical analyses were 

performed. 
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TECHNIQUES 

The geochemical analyses performed on the Devonian shale samples are 

shown in Figure 2. The abundance of methane through heptane hydrocarbons (C1-C7) 

was measured by summing the contents of the air space and core material stored inan 

air-tight container. Organic carbon was analyzed by combustion of the carbonate-free 

sediment. The kerogen was examined visually for morphological classification after 

being isolated from the inorganic matrix. Dried core material was crushed and ex- 

tracted with a benzene-methanol solvent. The soluble extract was weighed, then sep- 

arated into fractions by adsorption and liquid chromatography. The normal paraffin 

distribution was determined by gas chromatography. Vitrinite reflectance was  mea- 

sured using modifications of procedures described by Landes (1967), and Hacquebard 

and Donaldson (1970). 

DISCUSSION AND RESULTS 

A. Organic Facies 

Ohganic Cartban 

The organic carbon content of fine-grained argillaceous sediments such as the 

Devonian shales is an indicator of organic richness. Organic matter comprised mostly 

of organic detritus is preserved by rapid burial. Alteration processes such a s  micro- 

bial degradation and thermal diagenesis transform the organic matter to the complex 

heterogeneous materia.1 called "kerogen". Kerogen is presumed to be the major pre- 

cursor for oil and gas. A s  the sediments become thermally matured, oil and gas are  

generated. The amount of kerogen,expressed as the organic carbon content, shows the 

abundance of organic matter which may be altered to form hydrocarbons. The lower 
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limit of organic carbon in shales from productive basins is 0 . 4  percent (Ronov, 1958). 

The worldwide average of organic carbon in shales and siltstones is 1.14 percent 

(Gehman, 1962). 

The amount of organic carbon in Devonian shales var ies  from location to loca- 

tion (Fig. 3). In general, the average organic carbon content of sediments from the 

1-1, 8-1, KY-2, and R109 wells is 6.77%, 8.75%, 2.04%, and 1.36% respectively. 

The organic matter appears to be more uniformly distributed in the 1-1 and 0-1 wells. 

However, to the east, the KY-2 and R-109 shales vary considerably in organic carbon 

from a low of 0.16% to a high of 7.75%. 

Type ad Unganic McuXuz 

The solid organic matter contained in fine-grained sediments visually reflects 

its source of deposition. Composed mostly of organic detritus, the kerogen is related 

to its depositional environment by the proportions of marine and continental organic 

matter it contains. Kerogen identified visually can be classified a s  amorphous, herba- 

ceous, woody, or coaly (inertinite). After maturation by thermal dia.genesis, the marine 

(amorphous) type is prone to generate abundant gaseous and liquid hydrocarbons. The 

nonmarine (woody-coaly) type is prone to produce mostly gaseous hydrocarbons (Staph, 

1969 and Tissot -- et al., 1974). 

Of the four wells studied, the type of organic matter in the 1-1 and 6-1 wells 

is primarily herbaceous and amorphous kerogen (Fig 4). This lipid rich material (if 

present in sufficient quantities) has the potential to generate abundant oil and associated 

gas. In contrast, shales from the KY-2 and R-109 wells contain predominant amounts 

of either the herbaceous-amorphous kerogen or the woody-coaly (gas prone) kerogen. 

The high organic carbon content appears to be associated with the kerogen type. In 

most cases, the herbaceous-amorphous kerogen is present in shales which contain abun- 
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dant organic carbon. The shales containing primary or secondary amounts of woody- 

coaly kerogen are  lean in organic matter. 

quence represented by core material in the KY-2 well from 2440+ - feet to 2550+ - feet, 

For exa.mple, within the stratigraphic se- 

the changes in kerogen type from herbaceous-amorphous to woody-coaly and in organic 

carbon content from 7.75% to 0.16%, probably represent a change in depositional en- 

vironment. The environmental shift from marine to nonmarine kerogen types may be 

the result of a regressive depositional cycle. 

C 7 5+ Euhact  

Core material was extracted with organic solvent to yield the C15+ extract or 

"bitumen". The bitumen is composed of hydrocarbon a.nd norhydrocarbon material. 

The bitumen in recent sediments isimpoverished in hydrocarbons and contains mostly 

nonhydrocarbon material. As the sediments become thermally matured, increasing 

amounts of hydrocarbons a r e  formed. The average worldwide concentration of hydro- 

carbons in shales was found to be 96 ppm (Gehman, 1962). 

Shales from the four wells were found to contain bitumen composed mostly of 

hydrocarbons. The distribution of hydrocarbon and nonhydrocarbon material extracted 

from the Devonian shales is shown in Figure 5. The hydrocarbon portion consists of 

paraffin-naphthene (P-N) and aromatic (AROM) fractions. The nonhydrocarbon ma- 

terial is separated into asphaltene (ASPH) and nitrogen-sulfur-oxygen containing com- 

pounds (NSO's). In the 1-1 and 0-1 wells, the average hydrocarbon content was  2159 

ppm and 2463 ppm, respectively. 

KY-2 shales, and 1245 ppm in R-109 shales. 

The average hydrocarbon content was  1469 ppm in 

The hydrocarbon content appears to be 

related to the organic carbon content and the kerogen type. In general, shales char- 

acterized by herbaceous-amorphous kerogen, and a high organic carbon content con- 

tain abundant C15+ hydrocarbons. These shales a r e  represented in Figure 2 through 
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6 a s  organic facies A. Sediments with low organic carbon content and primary or 

secondary amounts of woody-coaly kerogen and low amounts of C15+ hydrocarbons a r e  

designated a s  organic facies B. Based on the geochemical da.ta, there appears to be 

a. transitional zone where mixtures of organic fa.cies A and B a r e  present. 

The geochemical zonakion assigned to the shale intervals was based on their abil- 

ity to satisfy the following conditions: 

Organic Fa.cies A 

Organic Carbon Content: > 1.0% 
C15+ Hydrocarbon Content: > 1000 ppm 
Kerogen Type: Primary or  Secondary Amounts of 

Herbaceous or Amorphous Kerogen 

Organic Facies B 

Organic Carbon Content: < 1.0% 
C15+ Hydrocarbon Content: < 1000 ppm 
Kerogen Type: Primary or Secondary Amounts of 

Herbaceous-Amorphous or Woody- 
C oaly Kerogen 

Shales which did not satisfy these requirements were thought to represent a transi- 

tional zone. 

Abundance 06 C1-C7 f f&tocahbau 

G a s  and gasoline-range hydrocarbons a r e  generated from organic matter at 

different levels of thermal maturity. Initially, a t  low temperature, microbial degra- 

dationforms methane orf1 dryTT gas. With increasing time, temperature, and depth of buri- 

al, heavier hydrocarbons are generated. In the early stages of petroleum formation, gas- 

oil range hydrocarbons predominate with associated amounts of T1wetl  gas (C2-C4 hydro- 

carbons) and gasoline-range hydrocarbons. 

hydrocarbons is primarily dependent on three geochemical parameters; namely, the 

organic richness, the type of organic matter, and its level of thermal maturity. 

The content and distribution of C1-C7 
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Shales from each well contained large quantities of C1-C7 hydrocarbons (Fig. 

6). The average c 1 - C ~  abundance in the 1-1, 0-1, Ky-2, and R-109 wells was 440,000 

ppm, 313,000 ppm, 356,000 ppm, and 763,000 ppm, respectively. (The concentration 

is expressed a s  volumes of gas per million volumes of core material.) In the 1-1, 0-1, 

and R-109 wells, the dry gas, wet gas, and gasoline-range hydrocarbons were uniform- 

ly distributed. However, in the KY-2 well, organic facies B characterized by lean 

organic carbon content contained significantly lower amounts of C1-C7 hydrocarbons. 

B. Thermal History 

In order to assess the hydrocarbon generating capacity of potential source 

rocks, the thermal history and its diagenetic effect on petroleum generation must be 

evaluated. Two methods, kerogen coloration and vitrinite reflectance, were used to 

measure the thermal alteration of the Devonian shales. The kerogen coloration of 

the plant cuticle and spore-pollen debris is measured in transmitted light. The state 

of thermal alteration (Thermal Alteration Index or TAI) ranges from light greenish 

yellow a t  Stage 1 for unaltered kerogen to black a t  Stage 5 for severely altered kero- 

gen. The thermal zone of oil generation corresponds to a moderately mature to mature 

kerogen of Stage 2 to 3- (Fig. 7). The kerogen in the zone of oil generation ischar- 

acterized by yellow-orange to light brown color. 

used to measure the degree of thermal alteration. 

to 0.6 indicate that the sediments a r e  too immature for oil generation. The zone of 

petroleum generation is usually interpreted to range from 0 . 6  to 1.2. Ro values from 

1.2 to 3.0 indicate a thermal history sufficient to form wet gas and methane. 

severely altered or metamorphosed organic matter represented by Ro values greater 

than 3.0 is considered a s  nonsource for hydrocarbons. 

Vitrinite reflectance (R,) is also 

Ro values ranging from 0.2 

The 
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The thermal history of the Devonian shales analyzed in this study exhibit a 

small amount of variation (Fig. 8). 

is characterized by its yellow to orange brown color. This coloration is consistent 

with a thermal alteration index of Stage 1+ to 2+. The average  value of Stage 2 corre- 

The organic matter in shales from the four wells 

sponds to a thermal history equal to the early stages of petroleum generation. The 

meam average vitrinite reflectance value in both the 1-1 a.nd 0-1 wells is 0.45. In the 

KY-2 well, a slightly higher thermal alteration corresponding to a mean average Ro 

of 0.52 was measured. The mean average Ro for vitrinite particles in the R-109 well 

was 0.70. Based on the vitrinite reflectance data, it appears likely that the Devonian 

shales will be increasingly more mature in a.n east-south-easterly direction. 

CONCLUSIONS 

The Devonian shales a re  evaluated as a potential source of oil and gas based 

upon the type of kerogen present, its degree of thermal alteration, and the nature of 

hydrocarbons which it has generated. A preliminary evalua.tion of the geochemical 

data obtained from core material seems to indicate the following regional trend in an 

east-south-easterly direction: 

Organic richness 

0-1 > 1-1 >> KY-2 > R-109 

Abundance of oil prone organic matter 

0-1 1-1 >> KY-2 > - R-109 

Liquid Hydrocarbon Abundance 

0-1 > 1-1 >> KY-2 > R-109 

The stratigraphic interval penetrated by the four wells conta.ins two distinct 

zones or organic facies, based on the organic carbon content, the abundance of C15+ 
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extract, and the organic matter type. 

prone hydrocarbon sources. Organic facies B are  interpreted to be predominately 

gas sources. In some shales, organic matter consisting of both facies A and B con- 

stitute a transitional zone. 

Organic facies A a re  classified as rich oil 

The degree of thermal alteration has been sufficient to initiate the hydrocarbon 

forming process in Devonian shales in a l l  four wells. Shales from the 1-1 and 0-1 

wells a r e  at the same level of maturation. KY-2 and R-109 shale a re  slightly more 

mature. 
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THE GENERAL ELECTRIC COMPANY 
ELECTRODRIL FIELD TEST DEMONSTRATION PROGRAM 

by 

P. D. Taylor 

General Electric Company 
P.O. Box 58408 

Houston, Texas 77058 

ABSTRACT 

The development of a downhole electric drilling system, begun in 1973, was brought to cul- 
mination in the second half of 1976. During this time, a demonstration program was run 
under a joint program sponsored by ERDA, General Electric, and other industry participants. 
During the demonstration program, The Electrodril Directional and Deep Drilling Systems 
were demonstrated. 

The Directional System is made up of a 60 HP motor subsystem, a downhole instrument 
subsystem, a cabling subsystem, and the surface control and display subsystem which ties 
the sub elements into a system. The instrument subsystem includes the directional sensors 
package which provides the data utilized to  kick off and control deviated drilling. 

The Deep Drilling System is very similar t o  the Directional System except that a 285 HP 
motor is used and the cabling deployment method differs slightly in order to accommodate 
the need to rotate the drill string to obviate differential sticking. 

Since the new year, and again under ERDA joint participation, the cabling subsystem was 
modified to  accommodate the need for field replaceable connectors. In addition, seal modi- 
fications were made to  the motor subsystem to extend its operational life. 

The paper will describe the system elements of both drilling systems (generically called 
ELECTRODRIL) and detail the test accomplishments derived from both the 1976 and early 
1977 test programs. 

~ ~ 

Prepared for the Energy Research and Development Administration, under Contract No. EY-76-C-024033.AO02. 

Note: Copies of this paper are available from the author. 
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DRILLING RATE CHANGES WHEN AIR DRILLING 
1s SWIJCHED TO MIST DRILLING 

BY 

1/ C .  Ray Williams - 
Sayti esville Energy Research Center 

Erwrgy Research arid D e v e l o p m e n t  Administration 
-II--- H a r t l e s v i l l e ,  O k l a h o m a  

ABSTRACT 

Eight shallow (30-toot-deep) holes were dri I led in four formations to determine 
i f  a significant portion of the reduction in penetration rate that usually occurs when 
air dri l l ing i s  changed to mist dri l l ing (air driller's rule-of-thumb estimates average 
about one-third loss) might be due to the physical action of dri l l ing a wet, soapy 
rock. The results showed an average loss of 9.3 percent i n  the four formations 
drilled, with the greatest loss  occurring in limestone. 
(claystone) showed only a 1.2- percent reduction i n  penetration rate; the two sand- 
stones averaged 10.0- percent loss; and the limestone showed a significant 15.8- 
percent loss. This indicates that the loss of penetration rate due to wetting the 
rock while mist dr i l l ing i s  small but would be significant when dril l ing a long 
interval. 

The softest formation 

The findings indicate that when dril l ing hard rocks at  the surface with mist 
instead of air, a penetration rate loss of approximately 12 percent (compared to the 
dril l ing rate with air) wi l l  occur due to the effect of jetting the soapy water through 
the bit  onto the formation being drilled. 
determine i f  the same effect occurs while dri l l ing at depth under varying hydrostatic 
heads and to determine i f  the effect can be eliminated to provide increased dri l l ing 
rates. 

A further investigation i s  required to 

INTRODUCTION 

The dril l ing industry uses air dri l l ing when economically feasible because 
faster penetration rates are usually obtained when air  i s  used as the circulating 
medium instead of dri l l ing mud. 
air  dri l l ing l i m i t  i t s  use to only a few areas i n  the United States. This report 
describes one of the phenomena affecting dril l ing rates while attempting to dr i l l  
with air as the circulating medium. 

Unfortunately, certain problems associated with 

When water i s  encountered during air drilling, the usual procedure i s  to 
attempt to convert to mist dri l l ing. Mist dri l l ing i s  performed by pumping small 

1/ Petroleum engineer - 



volumes of a concentrated soap and water mixture into the air stream at the surface. 
The total mixture flows down the dri l l  pipe, through the bit nozzles, and into the 
annulus where the resulting soap bubbles reduce the density of the produced water 
thereby allowing the air to l i ft the water and drill cuttings to the surface. If the 
quantity of produced water i s  not too great, and problems such as water-sensitive 
(swelling) clays or sloughing shale do not occur due to water wetting, then mist 
dri l l ing can be continued unti l additional water i s  encountered or other problems 
occur. 

In past dri l l ing operations, a significant decrease i n  penetration rate has been 
observed when switching from air to mist dri l l ing. 
that predicts a one-third decrease in  penetration rate when making this change. 
Actually, as much as 50- to 75- percent decrease has been observed when light 
dri l l ing weight was being used to control deviation and prevent a crooked hole. 
These observations, and a desire to reduce the penetration rate losses, prompted 
this f ield experiment. 

Some drillers use a rule-of-thumb 

Underbalanced dril ling--that is, hydrostatic pressure less than i n  situ pressure-- 
provides faster dri l l ing rates than overbalanced dril l ing and, since air dri l l ing i s  
the ultimate i n  underbalanced drilling, i t  follows that this is the main reason for 
higher penetration rates while dri l l ing wi th  air, 
dri l l ing i s  usually done because water has been encountered; therefore, the pressure 
head on the formation changes from a column of air to a column of aerated soc~.lpy+ 
water. This increase in  hydrostatic head i s  generciliy consideit<&; to be the rna j~s  
reason for the decreased dril l ing rate that occiirs when changincj from air to mist, 
but the dril l ing rate might also be adversly affected by the physical action of 
dri l l ing a rock that i s  continously being wetted wiih a soapy spray through the bit. 

Converting from air dri l l ing to mist 

It was conceivable that i f  the soapy wafer used far mist dri l l ing could be in- 
jected into the annulus immediately ~ k v e  the dr i l l  bi t  then the bi t  would s t i l l  be 
dri l l ing a dry rock and a Penetration rate increase might be retrlized. 
accomplished with concentric dri l l  pipe or a dawnhole separator with a ported sub 
above the bit. 
some evidence was needed to prove whether the soapy water spraying throiigh a dr i l l  
bi t  acutally does affect the dri l l ing sate of various rocks. Mei-hods to determine the 
amount of this effect were considered, and these Field experiments were cionceived 
and performed to determine that effect. 

This could be 

Before the acutal purchase arid constructim of experimental equipment, 

Since changes i n  hydrostutic head cause a dramatic effect an penetration ;rites, 
the effect of the wetting action on the rock could only be evaluated by dril l ing 
rocks at the surface where the hydrostatic head should be negligible. 
was performed in the f ield by locating outcroppings of suitable rocks, dri l l ing one 
30-foot hole with air, and then moving about 5 feet and dril l ing a second hoie with 
mist. 

The experiment 

Acceptable data were obtained by holding all other dri l l ing variables constant. 



FIELD TESTS 

Location 

A contractor with a small hydraulic-controlled drill ing rig was located in  
Phoenix, Arizona, and only minor equipment modifications were necessary to provide 
good control of other drill ing variables. The location of the contractor and equipment 
influenced the selection of an area of rock outcrops i n  northeast Arizona as the work 
site. 
Moenkopi Sandstone, and the Kaibab Limestone. 
Arizona State highway rights-of-way where road cuts allowed a visual inspection of 
the rocks to be drilled. 

The four outcrops selected were the Coconino Sandstone, a claystone, the 
The drilling was performed on 

Cores for rock characterization were taken midway between the holes at three 
of the locations. No core was taken in the claystone because it was unlikely that 
good core data could be obtained owing to the soft, stratified nature of the forma- 
tion. The core analysis data showing rock characteristics are presented in  table l; 
however, water saturation measurements were not taken because one of the require- 
ments for dri l l  site selection was that the site be more than 30 feet above the local 
water table. All of the air holes "dusted" throughout the drilled interval, and no 
free water was observed. 

Rig Equipment and Controls 

The small, mobile, hydraulic r ig provided a visual pointer against a footage 
tape which allowed accurate incremental measurement and timing. The weight on 
the bit was accrrrately held constant by a hydraulic "pulldown" system which was 
calibrated before the experiment. 
rotary speed, but the sensitivity of this control was low, and this measurement was 
verified by hand timing at regular intervals. The r ig also had a 60-gallon pressure 
tank which allowed control of the volume of mist by using differential pressure to 
force the soapy water through a calibrated needle valve. A power swivel provided 
a smooth, steady source of torque for drilling. 
operated at the same throttle and pressure settings. 
control of the drill ing variables, but in those instances where possible discrepancies 
existed, the data obtained have been deleted from the comparison. 
were drilled with 4 3/dinch, hard-formation, milled tooth bits with an air volume 
of approximately 360 Mcfd. 
drill ing rate comparisons, four new bits were used in  the four holes drilled in the 
Conconino and Moenkopi. 
four holes. 

A calibrated tachometer was used to indicate 

A portable air compressor was always 
The equipment provided good 

All of the holes 

In order to reduce bit dullness as a factor in the 

These bits were undamaged and were used in  the other 

H-2/3 



The first dri l l  site was 
east of Holbrook, Arizona. 
48 rpm. The intervals from 

Coconino Sandstone Test 

an outcrop of Coconino Sandstone about 5 miles south- 
The weight on bit  was 8,000 Ib, and rotary speed was 
9 to 16 and 19 to 28 feet were drilled i n  61.5 minutes 

using air and 69 minutes using mist. 
percent slower than the air drilling. 
to 19 feet was deleted as not representative because of mechanical problems on the 
mist hole. The average rock characteristics of four test points from the Coconino 
Sandstone core are porosity, 18.3 percent; permeability, 391 md; and compressive 
strength, 5000 psi. 
sandstone. 

This shows that the mist drill ing was 12.2 
Drilling time for the 3-foot interval from 16 

The cored section showed a fairly uniform homogeneous 

Figure 1 shows the drilling rate curves obtained. All of the drill ing curves 

This was the first hole drilled, 

In retrospect, this location 

have been plotted using a running average to reduce the significance of minor 
discrepancies in measurements of depth or timing. 
and the ragged appearance of the early portion of the curves i s  probably an 
indication of crew training on parameter control. 
probably should have been redrilled to obtain more uniform curves similar to the 
latter portion of the curves. 

Clavstone Test 

The second location was drilled i n  a claystone in  an attempt to simulate 
drill ing a competent shale. 
4,000 Ib from 8 feet to 23 feet and then was increased to 6,000 Ib. When wetted 
by the mist, this formation became sticky and soft, but i t  drilled satisfactorily with 
both the mist and the air. 

The rotary speed was 56 rprn, and the b i t  weight was 

The overall time for drilling 21 feet from 8 to 30 feet (1 foot deleted) was 

Since a larger decrease had been expected, this result was 
This information would indicate that mist drill ing could be utilized for 

41 1/2 minutes with air and 42 minutes with mist for a decrease in  penetration rate 
of only 1.2 percent. 
surprising. 
dust control i n  soft-formation, surface-hole drilling, such as mining operations, with- 
out a significant loss of penetration rate. No core samples were taken in  the clay- 
stone owing to the incompetent stratified nature of the formation. 
the drill ing rates obtained in the claystones. 

Figure 2 shows 

No outcrops of competent shale were available near the work area, and the 
claystone was selected to simulate drilling i n  shale; however, the selection may 
have been a poor choice since the drill ing results do not substantiate previous 
oilf ield experience while drill ing shale with air and mist. 



MoenkoDi Sandstone Test 

Location No. 3 was a Moenkopi sandstone which was drilled with a bit 
weight of 10,000 Ib and a rotary speed of 56 rpm. The total drill ing t ime from 
10 to 31 feet was 40 and 54 minutes with air and mist, respectively, resulting 
in  a 35-percent decrease in penetration rate while mist drilling. These data fell 
more in  line with what had been expected when the experiment was begun; however, 
portions of the data appeared questionable and the apprehension became justified 
when a subsequent core from 10 to 20 feet recovered a near vertical fracture or 
joint. When the direction and dip of surface jointing, visible from a nearby road 
cut, were considered, i t  was evident that the lower part of the air-drilled hole had 
encountered this fracture. Analysis of the footage data substantiate this conclusion 
because the penetration rate nearly doubled below 20 feet i n  the air hole, but was 
nearly constant in  the mist hole. 
27.5 minutes with air and mist, respectively, but was 14.5 and 26.5 minutes, 
respectively, from 20 to 30 feet. 
as reliable, the decrease in penetration rate was 7.8 percent owing to mist 
drilling. 

Drilling time from 10 to 20 feet was 25.5 and 

Considering only the data from 10 to 20 feet 

The Moenkopi core data show a uniform sandstone matrix (except for the 
fracture which was partly filled with crystals) with average characteristics of 8.9 
percent porosity, 5.5 md permeability and 6,900 psi compressive strength. 
3 shows the drill ing rate curves from 10 to 20 feet. 

Figure 

Kaibab Limestone Test 

The fourth and last dri l l  site was in  the Kaibab Limestone about 15 miles 
south of Winslow, Arizona. 
at 56 rpm. 
minutes with air and 33.0 minutes with mist. 
i n  drill ing rate due to the injection of soapy water. 

The holes were drilled with 10,000 Ib of b i t  weight 
For the l6-foot interval from 4 to 20 feet, the drill ing time was 28.5 

This reflects a 15.8 percent reduction 

A 10-foot core taken from 8 to 18 feet showed that the drilled section was 
It graded from a vugular limestone at the top to a 

As a result the average 
not a homogeneous formation. 
sandy lime in  the middle and a l imy sand at the bottom. 
rock characteristics are of minor significance. 
21.5 percent for an average of 18.5 percent. 
to 90.6 md, and the average of six sample points was 46.8 md. 
strength was 8,800 psi in the limestone, but dropped to 2,900 psi in the limy sand 
at the bottom of the core. 
curves are shown in  figure 4. 
i n  table 2. 

The porosity ranged from 13.8 to 
Permeability ranged from 2.3 md. 

Compressive 

The data are presented in table 1. The drilling rate 
Drilling rate data for a l l  four locations are presented 
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CONCLUSIONS 

Formation Depth, 
feet 

Evaluation of this experimental f ield data has led to the following conclusions 
regarding penetration rate changes when air drilling i s  converted to mist drilling. 

Compressive 
Porosity, Permeability, strength Remarks 
percent millidarcies Ib/in' 

I 

1 .  This work confirms the previous speculations that the addition of soapy 
water causes a loss of penetration rate when air drill ing i s  changed to mist drill ing 
at shallow depths. 

Cssonino 
Sanrtone. 

2. The penetration rate loss due to the physical action of the soapy water 
spraying through the bit  i s  of low magnitude, and for shallow, hard surface forma- 
tions i t  i s  probably in the range of 12 percent compared to air drill ing rates. 

8.6 18.9 
10.1 17.9 
11.6 18.2 
13.4 18.2 

3. Further investigation i s  probably justified toward development of a down- 
hole liquid separator with a ported sub which would inject the soapy water above 
the bit while mist drilling. 

306 
2 w  
359 
568 

4. Mist could be used for dust control in shallow, soft-surface drilling with 
only a small loss of penetration rate. 

4,800 Appeared 
4,300 homogenaur. 
5,400 
5,400 

AC K NO WLE D GME N T S  

We wish to thank the Arizona Department of Transportation, Highways Division, 
for permission to conduct the drill ing experiments within the State right-of way. 
This concession saved much time and prevented unnecessary expense. We also thank 
Engineers Testing Laboratories, Inc. for the excel lent personnel and equipment which 
they provided. 

TABLE I .  - Core analysis dota: air-mist penetration rate experiment 

I I I I I 

Average I I 18.3 1 391 1 4,975 I 
Moenkopi 
Sandstone 13.8 I 15.2 

Uniform matrix 
8.2 with occasional 

wafer thin 
bedding. 

Average 

Kaibab 
Limestone. 8 .1  

9.5  
11.7 
13.3 
15.8 
17.8 

i 8.9 14.4 
13.8 
20.1 
21.3 
20.0 
21.5 

Limestone. 

Sandy lime. 

Limy sand. 

I Average I I 18.5 I 46.8 I 5,800 
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TABLE 2. - Drilling data tabulation: air-mist penetration rote enperiment 

Fornwtim 
intewal. fee 

Cownino 

Moenkopi 

Kaibab 

Average 
change 

1 

Length of 
compared 

intuval,feet 

16 

21 

10 

16 

Air dri l l ing Mist dr i l l in  
time, time, i minutes minuter 

61.5 

41.5 

25.5 . 

28.5 

69.0 

42 .O 

27.5 

33.0 

' t  

Change 
:ompored 
with air, 
percent 

-12.2 

- i.2 

- 7.8 

-15.8 

- 9.3 

Penetration rate, ft/hi 

Mist 

13.91 

33.7 

3 f t  deleted,parameter control inaccurate. 
a 1 f t  deleted,parameter mntml inaccurate. 

Note I .  
Note 2. 

N w t i v e  sign indicates that mist dri l l ing war slower than air dri l l ing. 
Individual footage data were taken during the e v e r i m e d  but are not presented because an error of a 
few seconds or inches i n  depth on o per-fmt measurement exceeds the magnitude of the percent change 
in drill ing rate but has l i t t le  effect on the data for the overall interval. 
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FULL-SCALE LABORATORY DRILLING 
UNDER SIMULATED DOWNHOLE CONDITIONS 

Alan D. Black 
John L. Sandstrom 

Sidney J .  Green 
Terra Tek, Inc .  
420 Wakara Way 

S a l t  Lake City, Utah 84108 

ABSTRACT 

F u l l  -scal  e d r i  11 i n g  experiments have been performed us ing  a 7 7 /8 - i  nch 
r o t a r y  i n s e r t  b i t  sirnul a t i n g  downhole deep-we1 1 cond i t ions .  
ducted us ing  b i t  weights t o  40,000 pounds, r o t a r y  speed t o  100 RPM, mud 
flows t o  220 GPM, mud pressure t o  5,000 p s i ,  and c o n f i n i n g  pressure on the  
rock t o  about 9,000 p s i .  Several rock types have been d r i l l e d ;  data 
presented here inc lude t e s t s  on Col ton Sandstone and Bonne Terre Dolomite. 
Penet ra t ion  r a t e s  from about 3 t o  90- feet  per  hour were obtained. 
t r a t i o n  ra tes  were s t r o n g l y  dependent on b i t  weight,  r o t a r y  speed, and bore- 
ho le  mud pressure.  
Visual  examination o f  t he  d r i l l i n g  pa t te rns  a t  s imulated downhole cond i t i ons  
suggested d u c t i l e  behavior f o r  t he  sandstone, b u t  more ch ipp ing  and c r a t e r i n g  
suggested more b r i t t l e  behavior f o r  t h e  Dolomite. 

Tests were con- 

Pene- 

There was o n l y  a small dependence on mud f low ra tes .  

INTRODUCTION 

Laboratory t e s t s  have been conducted over  the  pas t  two o r  t h ree  de- 
cades t o  study the  ef f ,ects  o f  deep-well cond i t i ons  on d r i l l i n g  b i t  per fo r -  
mance. 
m i c r o b i t  d r i l l i n g 3 ,  d r i l l i n g  w i t h  small standard three-cone b i t s  i n  imper- 
meable rock4, and l a r g e  standard three-cone b i t  d r i l l i n g  i n  permeable and 
i mpermea b l  e rock  5. 

These t e s t s  have inc luded s i n g l e  t o o t h  pene t ra t i on  experiments,’ y 2 ,  

Such t e s t s  have s tud ied  the  e f f e c t s  o f  b i t  weight and RPM on pene- 

and ef fects  

t r a t i o n  r a t e  versus s imulated depth; r o t a r y  power requirements versus depth; 
the e f fec t  o f  “ ch ip  hold-down” and over-balanced d r i l  i n g  cond i t ions ;  
ho ld  pressures necessary t o  form c r a t e r s  a t  s imulated depth; 
of b i t  c lean ing  and j e t  d r i l l i n g .  

th res-  

I n  general ,  t he  s i n g l e  t o o t h  penet ra t ion ,  s ing  e c u t t e r  r o t a t i o n  
and m i c r o b i t  d r i l l i n g  t e s t s  d ramat i ca l l y  demonstrated the  e f f e c t s  o f  reduced 
rock  volume removal and pene t ra t i on  r a t e  a t  s imulated depths and the  need 
f o r  b e t t e r  b i t  hydraul  i c s .  
and, i n  most cases, d i f f i c u l t  t o  i n t e r p r e t  and ex t rapo la te  t o  f u l l - s c a l e  
b i t  performance i n  the  f i e l d .  

However, the  r e s u l t s  were bas ica l  l y  qua1 i t a t i v e  

Prepared f o r  t h e  Enerqy Research and Development Admin is t ra t ion ,  under 
Contract  No. E( 34-1 ) -3038. 
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I n  1974, a new laboratory t e s t  f a c i l i t y ,  the Drilling Research Labora- 
tory,  Sa l t  Lake City, was designed to  t e s t  ful l -scale  d r i l l  b i t s  a t  much 
greater simulated d e p t h s  than previously performed. 
the resul t s  of fu l l  -scale 1 aboratory d r i  11 ing performed a t  the Dri 11 i ng 
Research Laboratory. 
inser t  b i t s  in two types of rock typically found in deep o i l  and gas reser- 
voirs in the United States a t  deep hole d r i l l i ng  conditions where rock plas- 
t i c i t y  and hydraulic hold-down of cuttings impede chip removal. 

The object of the work was to  determine the effects  of changing 
various d r i l l i ng  parameters on the d r i l l i ng  ra te  while d r i l l i ng  a t  simu- 
1 ated depths .  

This paper summarizes 

Tests were conducted w i t h  s t a n d a r d  7 7/8-inch rotary 

ROCK, D R I L L  BIT AND DRILLING FLUID SELECTION 

The two rock types used for  the t e s t s  were Colton Sandstone and 
Bonne Terre Dolomite. The mechanical and physical properties of the rock 
samples were determined i n  the Rock Mechanics Laboratory a t  Terra Tek. 
Table 1 summarizes the mechanical and physical properties for  the Sandstone 
and Dolomite. 
envelopes shown in Figure 1 .  
Dolomite were so low i t  was found impractical to control the pore pres- 
sure d u r i n g  the d r i l l i ng  t e s t s .  

Triaxial compression t e s t s  were also r u n  with the fa i lure  
The permeability o f  bo th  the Sandstone and 

Drilling was performed w i t h  standard 7 7/8-inch rotary inser t  b i t s .  
The d r i l l  bits selected were recommended and donated by the manufacturers 
indicated. 

MANUFACTURER BIT TYPE ROCK TYPE 

Smith Tool F3 
Securi ty/Dresser M89TF 

Colton Sandstone 
Bonne Terre Do1 omi t e  

The d r i l l i ng  f luid was a standard water base mud with properties 
outlined in Table 2 .  

TEST CONDITIONS 

Each rock type was' d r i l l ed  a t  atmospheric conditions and simulated 
depths t o  10,000 fee t .  Drilling parameters were varied as follows: 

Weight on Bit 5,000-40,000 pounds 

Borehole Mud Pressure 100-5,000 psi 
Confining Pressure on Rock 

Rotary Speed 40-1 00 RPM 
Mud Flow 80-220 GPM 

0-9,000 psi 

Penetration rates  from about 3-feet per hour t o  about 90-feet per 
hour were obtained. 

The t e s t s  were performed w i t h  the Dri 11 i ng Research Laboratory 
equipment and f a c i l i t i e s .  
given i n  Appendix A .  Rock specimens dr i l led  under simulated downhole condi- 
t ions were 13 +-inch diameter by 3-foot long cylinders sealed from the con- 
fining f luid w i t h  a urethane jacket and steel  end caps prior t o  placement in 
the pressure vessel. 

A detailed description of the t e s t  f a c i l i t y  i s  
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RESULTS OF THE EXPERIMENT 

For the Col ton Sandstone experiment, typical resul ts  of penetra- 
t i o n  ra te  as functions of rotary speed, weight on b i t  and borehole mud 
pressure are  shown i n  Figures 2 and 3 .  

t ro l l ing  the d r i l l i ng  ra te .  As the mud pressure was raised, the d r i l l i n g  
ra te  dropped rapidly u n t i l  the pressure reached about 2,000 psi .  
borehole mud pressure above th i s  value, the increased pressure had a small 
e f fec t .  Evidently, the chip hold-down and imperfect cleaning effects  
result ing from the different ia l  between the mud and pore pressures tended 
t o  reach a c r i t i ca l  level.  Once this c r i t i ca l  level was reached, the 
d r i l l i ng  ra te  was then dependent primarily on b i t  weight. 

The borehole mud pressure was particularly s ignif icant  i n  con- 

A t  

For the Bonne Terre Dolomite, typical resu l t s  of penetration ra te  

From these curves, i t  i s  also seen tha t  
as functions of rotary speed, weight on b i t  and borehole mud pressure 
are  shown in Figures 4 and 5. 
the qual i ta t ive resu l t s  of the Dolomite d r i l l i ng  a re  similar t o  the 
Sandstone d r i l l i ng .  
the Dolomite than i n  the Sandstone, however. 

The e f fec t  of the borehole mud pressure i s  less  i n  

Tabulated d a t a  for  both the Colton Sandstone and Bonne Terre Dolo- 
mite are  presented i n  Appendix B .  

Upon examination of the bottom hole pattern of the rock a f t e r  d r i l -  
l i n g  a t  h i g h  pressures, i t  was visually apparent t h a t  the Sandstone had 
been i n  a highly duct i le  s t a t e  (as  i f  the b i t  was d r i l l i ng  putty) whereas 
the Dolomite l e f t  evidences of chipping and c ra te r i  ng . 

CONCLUSIONS 

With the rock types, b i t  types and d r i l l i n g  conditions studied, the 
d r i l l i n g  penetration ra te  was found t o  be primarily dependent on the rotary 
speed, weight on the b i t  and borehole f lu id  pressure. 
dependency on mud flow ra te  and an apparent negligible e f fec t  from the 
confining s t r e s s  on the rock. The dependence on the mud pressure was 
particularly s ignif icant  since the penetration r a t e  decreased rapidly 
u n t i l  the different ia?  mud pressure reached approximately 2,000 psi. Above 
this value, a d d i t i o n a l  mud pressure and rotary speed had only a minor e f fec t  
on penetration ra te .  
the Dolomite. 
d r i l l i ng  a t  simulated downhole conditions revealed much duc t i l i t y  in the 
Sandstone and more chipping and cratering i n  the Dolomite. 

There was a small 

The e f fec t  was more pronounced i n  the Sandstone than 
Visual examination of the rock bottom hole pattern a f t e r  
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APPENDIX A 

The main areas and components of the laboratory, shown i n  Figure 
Al, are the r i g  room, d r i l l  r ig,  d r i l l i n g  p i t  with depth simulation pres- 
sure vessels; mud pumps and mud handling room; controls area, and service 
corridor where rock specimens are  prepared. 

Rig Room - The r i g  room is  a 1500 square foot ,  50 foot h i g h  bay 
housing the d r i l l  rig, d r i l l i ng  p i t ,  simulation pressure vessels and a 
rock storage p i t .  
tory vessels and equipment, rocks and downhole tools.  

A 10-ton overhead crane allows the handling of labora- 

Drill Rig - The d r i l l  r i g  (Figure A 2 )  i s  a rail-mounted movable 
gantry that  can be positioned over various s ta t ions for  atmospheric and 
pressure d r i l l i ng .  The d r i l l i ng  platform can be located a t  a number of 
heights and is  adjustable w i t h i n  the main frame of the rig to  accommodate 
various length tools .  The platform contains a rotary table w i t h  DC motor 
drive to  allow continuously variable rotation from 0 to  500 RPM and 
torques u p  t o  5,000 foot-pounds. 
hydraulic power supply provides a d r i l l i n g  stroke of six f ee t  a t  penetra- 
tion rates  up  t o  100 feet. per hour. 
pounds as required to  supply b i t  weight and overcome the pressure reaction 
from simulated well bore pressure. 

Hydraul i c  cylinders and a servocontrol led 

Thrust can be applied u p  t o  400,000 

Drilling P i t  and Simulators - The d r i l l i n g  p i t  i s  a 23-foot deep 
reinforced concrete sub-floor structure w i t h  two additional cased holes 
extended 16-feet and  36-feet from the bottom of the p i t  f loor .  
pressure vessels are  housed in the d r i l l i ng  p i t ,  including the wellbore 
simulator, geothermal vessel and the long downhole tool vessel. 

Three 

The wellbore simulator (Figure A3) i s  the converted breech end of 
a naval gun barrel w i t h  a 23-inch inside diameter, 18-foot overall length, 
working pressure of 20,000 psi and a working l e n g t h  of 7-feet. 
rock specimens u p  t o  20-inch diameter by 7-feet long  can be subjected t o  
independently control led confining pressure, overburden s t ress  and pore 
pressure simulating well depths to  30,000 f ee t .  

The wellbore pressure i s  maintained by pumps and a choke system. 
A specially developed rotary seal around the polished d r i l l  shaft  allows 
the shaf t  t o  rotate  under pressure. High pressure d r i l l i ng  mud and rock 
cutt ings flow out of the wellbore into a second long vessel before pres- 
sure i s  relieved. 
passes through a remotely adjustable choke to  reduce pressure prior to  
returning to  the mud p i t .  

Cylindrical 

There the cuttings are  screened out before the mud 

Several rock specimens a re  prepared i n  advance 
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w i t h  metal end caps and seal ing jackets  t o  be inserted and removed from 
the we1 1 bore simulator a s  par t  o f  the vessel ' s  top seal i n g  plug. 

Mud Pump and Mud Handling Room - The laboratory i s  equipped w i t h  
complete mud handling equipment and mud pumps, i n c l u d i n g  a 20,000 gallon 
mud storage capacity;  two 40-HP centrifugal c i r c u l a t i n g  and charging 
pumps; a 58P Oilwell Triplex mud pump driven by a 125-HP DC motor rated 
a t  600 psi a t  360 GPM; and a n  FA 1600 Continental Emsco tr iplex mud pump 
driven by two 900-HP DC motors presently equipped w i t h  f ive inch l i n e r s  
and ra ted a t  6,000 psi and 360 GPM. Currently, new f l u i d  ends based on 
the Exxon h i g h  pressure f l u i d  end design a r e  being fabricated t o  provide 
the capabi l i ty  of 12-15,000 psi and 200 GPM needed t o  c rea te  wellbore 
pressure f o r  simulating wells t o  30,000 f e e t .  The DC motor dr ives  allow 
continuously var iable  flow r a t e  a t  constant pressure. 

Instrumentation and Controls - The d r i l l  rig and wellbore simulator 

These measured parameters a r e  recorded on 

a r e  instrumented w i t h  numerous transducers t o  measure the various pressures 
and temperatures, a s  well a s  b i t  weight, torque, ro ta ry  speed, penetration, 
penetration r a t e  and  flow r a t e .  
analog X - Y - Y '  and strip char t  recorders and a d i g i t a l  computer. The 
operation i s  controlled from the remote instrumentation s t a t i o n .  
servocontrol 1 ed dri 11 rig a1 1 ows automatic control of e i t h e r  constant b i t  
weight, constant penetration r a t e  o r  constant torque. 

The 
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COLTON SANDSTONE PORE PRESSURE - a,/? 

01 I I I 

0 10.000 20,000 30,000 
CONFINING PRESSURE, ((7,) PSI 

FIGURE 1 

H-3/5 



20( 

25 

15 

12 

- 
I 

10 - 
W c a 
u 7  

2 
z 

c a 

W z 
W 

E 5  

a 

@-- %-w.20,000 
- 8 

WEIGHT ON BIT (LBS) 

FIGUI(E 2 

BONNETERRE DOLOMITE 
PsmF - 6000 PSI 
pwaE - 4100 PSI 

175 t 

I 
COLTON SANDSTONE 
N.60  RPM 

i .  b. 
I 1 I I I 

1000 2000 3000 4000 5000 

BOREHOLE MUD PRESSURE (PSI)  
FIGURE 3 

BONNETERRE DOLOMITE 
N =  60 RPM 

L BS 

LBS 

LBS 

4- W * 10,000 LBS . 
I I I I 1 1 

0 1000 2000 3000 4000 5000 

BOREHOLE MUD PRESSURE (PSI) 
F I G U R E  5 

WEIGHT ON BIT (LBS) 

FIGURE 4 

H-3/6 



FIGURE A 1  

FIGURE A2 



PORE PRE 

AXIAL 
.so00 

-CONFINING PRESSURE INLET 

'/ZHP DRIVE MOTOR - RIGHT ANGLE DRIVE 

DRILLING RESEARCH LABORATORY = WELLBORE SIMULATOR 

H -3/8 



TABLE 1 
MECHANICAL AND PHYSICAL PROPERTIES OF TEST ROCK 

TOTAL POROSITY 
( %  of T o t a l  Volume) 

A I R  VOIDS 
( %  of T o t a l  Volume) 

IN IT IAL  SATURATION 
(% o f  Pore Volume) 

DENSITY 
(As Received) 

DRY DENSITY 
(Sample D r i e d  24 hours @ 105°C) 

GRAIN DENSITY 

PERMEABILITY 
( W i t h  Pconf P 5,000 n s i )  

UNCONFINED STRENGTH 

COMPRESSIONAL WAVE VELOCITY 

SHEAR WAVE VELOCITY 

YOUNG'S MODULI 

COLTON SANDSTONE 

10.95% 

8.94% 

18.37% 

2.38 gmIcm3 

2.35 gmlcm3 

2.65 gm/cm3 

40 x d a r c i e s  

7,600 p s i  

2876 MISec 

1963 MJSec 

2.83 x 106 p s i  

BONNE TERRE DOLOMITE 

8.42% 

8.01% 

4.84% 

2.66 gnlcm3 

2.656 gm/cm3 

2.90 gmJcm3 

47 x d a r c i e s  

25,500 p s i  

6513 MISec 

3588 MJSec 

12.73 x l o 6  p s i  

TABLE 2 

MUD PROPERTIES 

BASE: Water 

PHASES. ( i )  Water 
( i i )  S o l i d s  

( a )  B e n t o n i t e  
( b )  B a r i t e  
( c )  O r i l l  S o l i d s  

WEIGHT: 9.3 pounds lga l l on  

APPARENT VISCOSITY: 12 cp 

PLASTIC VISCOSITY: 7 CP 

YIELD POINT: 

INITIAL GEL: 

1 0  pounds1100 square f e e t  

5 pounds1100 square f e e t  

10 MINUTE GEL STRENGTH: 14 pounds1100 square f e e t  

pH: 7.85 

API FILTRATE: 14.2 CCl30 minu tes  
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APPENDIX B 

EXPERIMENTAL DATA FOR COLTON S4NDSTgNE 
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ROCK MECHANICS ASPECTS OF MHF DESIGN IN EASTERN 
DEVONIAN SHALE GAS RESERVOIRS 

A .  H.  Jones 
A.  S. Abou-Sayed 

L .  A. Rogers 
Terra Tek, Inc. 

420 Wakara Way 
Sa l t  Lake City, Utah 84108 

ABSTRACT 

As par t  of an ERDA/OGST program, rock mechanics considerations a re  used 
t o  he lp  design a deeply penetrating hydraulic f rac ture  i n  Devonian shale  a t  
a Columbia Gas System Service Corporation well i n  Lincoln County, West 
Virginia. Rock properties of the pay zones were considered i n  re la t ion  t o  
the bar r ie r  formations. Formation properties--specifically,  e l a s t i c  moduli 
c r i t i c a l  s t ress - in tens i ty  fac tor  and the m i n i m u m  in s i b  stress--were deter- 
mined from laboratory core measurements and f ie ld  tests. Analyses u s i n g  the 
formation properties above suggest t h a t  the Middle Brown shale  zone i s  the 
layer  ( i n  the Devonian shale)  t h a t  i s  most l i ke ly  t o  "contain" a hydraulic 
f racture .  That is ,  a f rac ture  containment analysis  indicated t h a t  the Gray 
shales on either side of the Middle Brown shale  would a c t  as  bar r ie rs  t o  
f rac ture  growth, provided the f rac ture  f l u i d  i s  injected a t  a pressure t h a t  
does not exceed a natural ly  occurring stress i n  the reservoir  rock by more 
than about 490 psi. 
t o  move out of  zone. 

Fractures i n i t i a t e d  i n  the Gray shales would be expected 

INTRODUCTION 

The eastern Devonian shales represent a potential  gas reservoir  of enor- 
mous size [Ranostaj, 19761. Unfortunately, the reservoir  consis ts  of t i g h t  
formations t h a t  require stimulation before economical gas production can be 
obtained. 
technique fo r  these formations. 
Research and Development Administration, Columbia Gas System Service Corpora- 
t ion has been assigned the tasks  of :  

Massive hydraulic f ractur ing represents a possible st imulation 
Under contract  #(46-1)-8014 from the Energy 

1 ) determining the technical and economic f e a s i b i l i t y  of hydraulic 
f ractur ing in  Devonian shales ,  and 

2 )  identifying the f rac ture  d i s t r ibu t ion ,  gas d is t r ibu t ion ,  and ways 
t o  achieve economic production by application of st imulation re- 
search f ind ings .  

To acccompl ish these objectives,  a three-we1 1 program [Ranostaj , 19761 was 
planned i n  Lincoln County, West Virginia; see Figure 1. 
f rac ture  treatments were planned f o r  the f i r s t  two wells i n  order t o  obtain 
data necessary t o  optimize the stimulation treatment i n  the t h i r d  well. 
Tek, under subcontract from Columbia Gas, was t o  determine the mechanical 

Prepared for  ERDA under Contract No. E(46-1)-8014. 

Different hydraulic 

Terra 
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character is t ics  of the formations to  bet ter  design and interpret  the resu l t s  
of the massive hydraulic fracturing (MHF) tests. 

The Devonian shale i n  the area of the three-well t e s t  program consists 
of several layers of Brown and Gray shale as shown i n  Figure 2. Natural gas 
i s  found i n  a l l  o f  the layers w i t h  the Middle and Lower Brown areas having 
the best potentials.  Since the underground bedding i s  nearly horizontal and 
there a re  no major tectonic displacements i n  the area of the t e s t  program, 
the shale layers are  expected to  be similar i n  the 20401, 20402 and 20403 
wells. Data from a l l  three wells a re  thus combined to  form a composite pic- 
ture for  the area. 

I n  hydraulic fracturing of underground rock formations, the rock i s  sub- 
jected to: 1 )  the fracturing f l u i d  pressure which tends to  open the crack, 
2 )  the f a r  f i e ld  in si tu  st resses  acting to  close the crack and 3 )  the frac- 
ture  toughness of rocks, a material property similar t o  the tens i le  strength 
t h a t  represent the resistance of rock to  fracturing. 
ture  treatment, the forces from the treatment f l u i d  need to  overcome both 
closing forces from the s t r e s s  i n  the ground and the rock's resistence to  
f racture  . 

During a hydraulic frac- 

I n  a layered underground formation such as the Devonian shale, the 
separate layers may have different  fracture toughnesses, and/or e l a s t i c  moduli 
along w i t h  d i f ferent  natural occurring s t resses  i n  the ground. 
tainment analysis i s  accomplished by evaluating these factors as they apply 
t o  the par t icular  zone of the gas  reservoir being stimulated. To determine 
whether a layer i s  a barrier or not ,  i t  i s  t h u s  necessary to  determine i t s  
properties i n  re la t ion to  the adjacent layers. A part icular  layer may be a 
barr ier  i n  some instances and not a barrier i n  other instances depending on 
the re la t ive  relationship of the s t resses  and mechanical properties. 

Fracture con- 

CONTAINMENT CRITERIA 

When a f racture  is  in i t ia ted  i n  the rock, the fracture will extend when 
the s t ress- intensi ty  factor  a t  i t s  t i p  reaches a c r i t i ca l  value. Whether a 
f racture  moves u p ,  down or  out depends on the re la t ive  values of the c r i t i ca l  
s t ress- intensi ty  factors fo r  the various materials and the s t ress- intensi ty  
factors along the fracture perimeter as generated by the loading conditions 
arid f racture  geometry. 
s t ress  in tens i t ies  and comparing them to  the c r i t i ca l  values [cf. Simonson 
et a2 19751. The following data a re  used i n  such analysis: 

1 )  The e l a s t i c  moduli i n  the pay zone and bounding layers. 
2 )  The in situ s t ress  f i e ld  and ,  i n  particular,  the minimum principal 

s t resses  i n  the pay zone and the bounding layers above and below 
the pay zone. 

3 )  The fracture  toughness or c r i t i c a l  stress-intensi  ty  factors  for  
the pay zone and the bounding layers. 

4 )  The fracturing f l u i d  and the pump schedule. 
Knowledge of the e l a s t i c  moduli and in situ st resses  for  the pay zone and 
bo th  of the bounding layers i s  needed to  determine whether or  not the bounding 
layers are  barriers t o  crack extension outside the pay zone. 

Hydraulic fracture analysis i s  inherently a three-dimensional problem; 
the mathematical solutions of which are  extremely complicated. The present 

A f racture  analysis can be made by determining the 
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work will be limited to treating two-dimensional cracks. Such simplified 
analysis provides considerable insight into understanding these parameters 
and conditions whcih influence hydraulic fracture propagation [cf. Simonson 
et a2 1976). 

The basic concept of containment analysis is illustrated in Figure 3 .  
The fluid is moving such that the pressure near the well-bore is higher than 
the pressure near the tip. Each of the three layers has its own critical 
stress-intensity factor, elastic moduli and in situ stresses. 
the stress-intensity factor at the edges and tip of the propagating fracture 
can be made if the pressure profile, i n  situ stresses and elastic moduli along 
with the crack shape are known. 
critical stress intensities. The fracture will propagate where the stress- 
intensity factors reach the critical values. In the special case where the 
stress-intensity factor would be equal to the critical value at all points on 
the perimeter around the crack, then the fracture would propagate in all dir- 
ections at the same time. 
reaches a critical value only at the tip and not at the upper and lower edges, 
the fracture is confined to the pay zone. 

Estimates of 

These estimates are then compared to the 

On the other hand, if the stress-intensity factor 

The stress-intensity factor at the fracture tip is calculated from the 
pressure inside the fracture, the in situ stresses, and the fracture geometry. 
For this discussion, we will consider a long narrow crack in an infinite 
material. This model is representative of a hydraulic fracture with a short 
height and a long length. The plane strain mathematical model gives the 
following equation for the stress-intensity factor at the upper and lower 
crack tips 

KI - 1  - 7 ( P y - S J J E  a' 
-!L 

where 
P = pressure profile in crack 
Y 

S = .far field horizontal stress ?rofile 
Y 

y = position along crack 

R = height from crack center to the tip. 

Since fractures propagate normal to the minimum principal stress, SJI re- 
presents the minimum principal i n  situ stress. 
the stress-intensity factor is dependent on the profile of the stress differ- 
ence -between the pressure inside the fracture and the native in situ stresses 
across the fracture. 
pressures will give different values for KI and in turn different results for 
a prediction of the final fracture geometry. 

Note in this equatlon that 

Different combinations of fluid pressures and i n  s i tu  

The above equation for KI is for the hypothetical case where the elastic 
moduli of the pay zone and the bounding layers are equal. 
moduli o f  the several layers are different, then there is an additional 
influence on the stress-intensity factor as a result of the differences in the 
moduli. Figure 4 illustrates the qualitative behavior of the stress-intensity 

If the elastic 
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f a c t o r  f o r  a c rack  t h a t  moves perpend icu la r  t o  an i n t e r f a c e  between two mater- 
i a l s  w i t h  d i f f e r e n t  modul i  when the  h o r i z o n t a l  s t resses a re  un i fo rm across 
t h e  bounding l aye rs .  I f  t h e  e l a s t i c  modul i  i n  t h e  pay zone i s  hg iher  than 
t h a t  o f  t he  bounding l aye r ,  then as the  f r a c t u r e  propagates towards the  bound- 
a r y  the  s t r e s s - i n t e n s i t y  f a c t o r  increases such t h a t  i t  w i l l  reach t h e  c r i t i c a l  
va lue and t h e  f r a c t u r e  w i l l  "snap" i n t o  t h e  bounding l a y e r .  
if t h e  modul i  i n  the  pay zone a re  lower than t h e  modul i  i n  t he  bounding l aye r ,  
then a f r a c t u r e  which i s  propagat ing f rom t h e  pay zone toward the  bounding 
l a y e r  w i l l  f i n d  the  s t r e s s - i n t e n s i t y  o f  i t s  t i p  nearest  t h e  i n t e r f a c e  becoming 
l e s s  and l e s s  as t h e  boundary i s  approached such t h a t  t he  c r i t i c a l  va lue i s  
n o t  reached and t h e  f r a c t u r e  i s  conta ined w i t h  i n  the  pay zone. 

On t h e  o the r  hand, 

D i f f e rences  i n  in si-tu s t ress  between the  pay zone and the  b a r r i e r  l a y e r s  
have a d i s t i n c t  i n f l u e n c e  on f r a c t u r e  propagat ion.  
case shown i n  F igure  5, i n  which a hyd rau l i c  f r a c t u r e  has extended, by some 
mechanism o r  o ther ,  i n t o  ad jacent  l a y e r s  where p o s s i b l y  d i f f e r e n t  t e c t o n i c  
s t resses  may be ac t i ng .  F igure  6 shows a p l o t  o f  t h e  d is tance t h e  c rack  has 
advanced i n t o  the  reg ion  o f  h igh  s t r e s s  ( t h e  b a r r i e r  l a y e r s )  i n  terms of t h e  
pressure 
f o r  t he  f r a c t u r e  t o  reach the  i n t e r f a c e .  The curves i n  t h i s  f i g u r e  a re  f o r  
a crack he igh t  o f  200 ft., a f r a c t u r e  toughness o f  1000 p s i r n  and f o r  para- 
m e t r i c  values o f  t h e  i n  s i t u  s t ress  d i f f e r e n c e  S2 - s,. 
ence o f  1100 p s i ,  f o r  example, an overpressure o f  500 p s i  would be expected 
if t h e  f r a c t u r e  were t o  propagate a d is tance o f  100 ft i n t o  the  reCion of 
h igher  i n  s i t u  s t ress .  

Consider t h e  hypo the t i ca l  

P w i t h i n  t h e  f r a c t u r e  and Po, t he  f r a c t u r e  f l u i d  pressure requ i red  

For a s t ress  d i f f e r -  

I f  t h e  i n  s i t u  s t ress  i n  t h e  b a r r i e r  l a y e r  ( S , )  was l e s s  than t h e  in situ 
s t r e s s  i n  the  pay zone ( S 2 ) ,  a s i t u a t i o n  would e x i s t  where i t  r e q u i r e s  l e s s  
pressure t o  propagate t h e  f r a c t u r e  i n  the  b a r r i e r  than i n  t h e  pay zone. 

These p r i n c i p l e s  w i l l  be used t o  des ign deep-penetrat ing hyd rau l i c  
f r a c t u r e s  i n  Devonian shale.  

SUMMARY OF ROCK MECHANICS DATA 

U l t r a s o n i c  v e l o c i t i e s  and e l a s t i c  modul i  were determined f o r  cores taken 
from severa l  l a y e r s  i n  w e l l s  20402 and 20403 [ L i n g l e  and Abou-Sayed, 19761. 
The e f f e c t  o f  c o n f i n i n g  pressure on t h e  measured v e l o c i t i e s  was very  smal l ,  
on the  o rde r  o f  2 percent  f o r  pressure rang ing  f rom atmosphere t o  4000 p s i .  
Also,  t h e  changes i n o v e l o c i  t i e s  w i t h  temperature over the  range encountered 
i n  these w e l l s  ( ~ 1 0 0  F )  was l e s s  than one percent  f o r  t h e  p-wave and 
w i t h i n  the  accuracy o f  t h e  measuring system f o r  t h e  s-wave. 

F igu re  7 shows the  comparison of l a b o r a t o r y  da ta  w i t h  t h a t  ob ta ined from 
logs.  The p-wave v e l o c i t i e s  and d e n s i t i e s  are,  i n  general ,  i n  good agreement, 
w i t h  the  except ion  o f  t h e  sample f rom 3910 f e e t .  The l a b o r a t o r y  s-wave ve loc-  
i t i e s  (measured w i t h  the  same p o l a r i z a t i o n  as the  l o g s )  a re  c o n s i s t e n t l y  10 
t o  12 percent  h igher  than t h e  l o g  values a t  i d e n t i c a l  depths. Th is  i s  pos- 
s i b l y  t h e  r e s u l t  o f  t he  l ogs  d e t e c t i n g  the  a r r i v a l  o f  sur face waves and n o t  
t he  s-waves [ L i n g l e  and Jones,1977]. With t h i s  assumption, t h e  r e v i s e d  
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s-waves veloci t ies  are  shown to  agree very well ( w i t h i n  0.5 percent) on the 
average w i t h  the laboratory measured s-waves veloci t ies .  

Young's modulus has been calculated using the measured bulk densi t ies ,  
p-wave veloci t ies  and the revised s-wave velocit ies.  For the purpose of these 
calculations, the material was assumed isotropic and homogeneous. Figure 8 
i l l u s t r a t e s  the general trend of the data. Also shown are  resu l t s  of t r iax ia l  
compression for  the Upper Brown and Lower Gray shales. 
moduli a re  lower than the sonic moduli; for  the samples tested the difference 
i s  on the order of 20 t o  313 nercent. 

Crit ical  s t ress- intensi ty  factors were determined experinentsl l y  for  the 
Gray shales by internal pressurization of cylinderical sample w i t h  two radial 
prenotches. In this method 
a sample of the core about 2-3 inches long has a small hole dr i l led  a l o n g  the 
axis and notches placed in the walls of the small hole t o  specify the fracture  
in i t i a t ion  points. A bladder i s  placed i n  the hole to  prevent f l u i d  from en- 
tering the sample or the notches and t h e n  pressure i s  applied i n  the bladder 
u n t i l  the sample bursts. 

As expected, the s t a t i c  

The method was developed by Clifton et a2 [1976]. 

Figure 8 b  summarizes the resu l t s  for  the Gray shales. 

In situ st resses ,  especially the differences i n  in situ st resses  between 
the pay and barr ier  formations, are  the most c r i t i c a l  parameters t o  MHF con- 
tainment. Unfortunately, t h i s  i s  the parameter for  which the l ea s t  amount of 
data is available.  A single mini-hydraulic fracturing t e s t  was performed by 
Terra Tek a t  the 2745 f t .  level (Upper Gray shale) i n  well #20402 C>hu-SaYed 
e t  1x2 19771. These resu l t s  were as follows: 

Minimum Horizontal Stress = 2360 psi 
Maximum Horizontal Stress = 4390 psi 
Overburden Stress = 3210 psi 
Pore Pressure b 250 p s i  

N 40°W t o  N 45'1.5 
N 45'E t o  N 50'E 

The measured principal s t r e s s  directions agree we1 1 w i t h  the prevailing 
geological s t ructure  in the region and w i t h  the principal s t r e s s  directions 
reported by Overbey El9761 from a ser ies  of measurements i n  West Vi rg in i a .  
A basement s t ructure  map of the region i n  which the reported t e s t  was con- 
ducted i s  shown i n  Figure 9. 
1975) by Overbey [1976], shows a projection of the Rome Trough through the 
northwestern edge of West Vi rg in i a .  
Trough as a graben bounded by high-angle, normal f au l t s .  
w i t h i n  an area which i s  a junction o f  three d i s t inc t  geological provinces 
[Werner, 19761. 
t) Central Appalachian Fold Belt 

The map, adapted from Harris (USGS Map 1-919 D ,  

T h i s  s t ructure  l i e s  
Schumaker [1976) describes the Rome 

2 )  
3) 

Southern Appalachian Thrust Fault Be1 t 
Appalachian Plateau w i t h  Basement Faults 

Although i t  i s  n o t  known whether or not the basement f au l t s  penetrate i n t o  
the Devonian shales i n  this area, Overbey's measurements [1976] suggest a 
correlation of principal stress directions w i t h  the basement s t ructure .  A t  
locations which f a l l  outside the projection of the Rome Trough, the measured 
direction of G are  oriented generally E-W and are  normal t o  the predom- 
inately N-S st#@ of the thrust f au l t s  and f o l d i n g s  of the Appalachian 
Mountains. Measured diregtions Ofo'JHMAX which f a l l  w i t h i n  the projection of 
the Rome Trough trend N45 E t o  N50 E ,  or parallel t o  the s t r ike  of the base- 
ment f au l t s  and i n  agreement w i t h  the directions reported here. I t  i s  not 
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yet  c lear  why s t resses  re la t ing t o  the large scale deformation and mountain 
building d u r i n g  the Paleozoic Era should s t i l l  remain a controlling factor  
i n  this region. 

Since the complete geological structure i n  this region does appear t o  be 
related t o  the measured orientation of the stress f i e ld ,  an estimate of the 
m i n i m u m  horizontal s t resses  i n  the other shale layers was made on the basis 
of e l a s t i c  theory. 
ation of applied boundary displacements i n  both horizontal direction$ as 
migh t  be imposed through normal faul t ing on the boundaries of the Rome Trough. 
These same displacements were applied t o  the other shale layers and the resu l t -  
i n g  m i n i m u m  in situ stresses i n  these layers were estimated us ing  moduli 
derived from the corrected logs. 
min imum horizontal principal s t resses  i n  the different  formations. 

Data from the Upper Gray shale was anlyzed fo r  determin- 

Figure 8c shows a plot of the estimated 

These estimates correlate  w i t h  two independent observations. Swolfs e t  
a2 [1977], based on s t ra in  relaxation data, estimated minimum i n  s i z f i - e s s  
gradients o f  0.52 psi / f t  for  the Middle Brown shale and 0.76 ps i / f t  for  the 
overlying Middle Gray shale. These coincide w i t h  the data shown i n  Figure 8c 
a t  the Middle Gray shale/Middle Brown shale interface. Field engineers con- 
tend tha t  the Lower Brown shale will break down under a head of water. The 
estimated m i n i m u m  i n  situ s t r e s s  shown i n  Figure 8c also would predict t h i s  
behavior. 

DATA INTERPRETATION 

Although the t e s t s  were minimal , suff ic ient  data was gleaned from avail-  

The Gray shales are  n o t  s t rong  barriers 

able information to  perform a containment analysis. 
indicate that  the Gray shales and Onondaga Limestone will ac t  as barr iers  t o  
fracture growth i n  the Brown shales. 
(moduli contrast  i s  less  than 30 percent and the largest  in s i t u  s t r e s s  d i f -  
ference is  less  than 800 p s i ) ,  however, and can also be broken down i f  f l u i d  
pressures a re  too h i g h .  

Both Figure 8a and  8c 

A s ignif icant  factor i n  successful completion of MHF treatment i n  reser- 
voirs w i t h  marginal barrier formations i s  the control of fracturing-fluid 
flow ra te  and the maximum allowable bottom hole treatment pressure (BHTP). 
There are  other factors ,  besides containment of the induced fracture , t ha t  
m i g h t  impose certain bounds on both the flow rate and BHTP such as proppant 
transport ,  created crack w i d t h ,  strength of casing, location of perforation 
and the l ike .  However, the calculated value of BHTP that  would prevent deep 
fracture penetration into the barrier zones would prove instrumental i n  
achieving a contained fracture  geometry. 

following the arguments presented ear l ie r .  
the f racture  will extend a h e i g h t  R' into the barrier layer for  a pumping 
pressure P given by [Simonson et a2 19761: 

An estimate of the maximum BHTP for  a given treatment job can be obtained 
From a pay formation height Z C ,  
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where K 
S1, S2 “are the minimum in situ stresses for the pay and barrier zones, re- 
spectively. Penetration of the fracture initiated i n  the Middle Brown shale 
i n t o  the Middle Gray shale i s  shown i f  Figure 10. 
in the fracture (P-SI) less than 400 psi, the penetration i s  kept within 50 
ft.  Based on the horizontal in si tu  stresses i n  the Middle Gray and Middle 
Brown shales, the bottom hole treatment pressure d u r i n g  hydraulic fracturing 
of the Middle Brown layer should not exceed the minimum horizontal stress in 
t h a t  zone by more t h a n  400 psi, plus any expected drop i n  pressure across the 
perforation. 

i s  the cri t ical  stress-intensity factor for  the barrier layer and 

For excess pumping pressure 

Corresponding considerations fo r  the Lower Brown and Lower Gray shales 
(the Onondaga Limestone forms a s t rong  barrier) leads t o  a BHTP of 250 psi i n  
excess of minimum horizontal stress for the Lower Brown shale. Since i n  
treating the Middle Brown shale the fracture will propagate into the Lower 
Gray shale, there i s  the possibility of the two fractures interacting. 
multi-stage MHF i t  i s  important, therefore, that the better reservoir form- 
ation be fractured f i r s t .  

In a 
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Figure 4. 

Qualitative behavior of the 
stress-intensity factor as a 
crack of length 2a approaches the 
boundary of an adjacent layer 
with different elastic moduli. 
(c is distance from fracture 
center to boundary). 
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Figure 2. - Summary of geological findings (from 
Ranostaj, 1976). 
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Figure 5. - Ver t i ca l  hydrau l i c  f r a c t u r e  loaded under Figure 6. 

uniform p res su re  (PI wi th  d i f f e r i n g  , E s t i m a t e  of f r a c t u r e  
minimum h o r i z o n t a l  stress i n  pay zone 
and barriers.  

migrat ion i n t o  t h e  
b a r r i e r  l a y e r s .  
(from Simonson e t  a1 1976) .  
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Figure 7.  Comparison o f  laboratory data w i t h  log da ta .  Correction t o  S-Wave assuming t h a t  
t he  log detected sur face  waves i s  a l so  shown. 
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F igure  9.  - Basement s t r u c t u r e  of 
Kentucky-West V i r g i n i a  
adapted from Overbey 
(1976) wi th  t h e  d i r e c t i o n  
of maximum h o r i z o n t a l  stress 
a t  W e l l  #20403. 
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Figure 10. 

Frac tu re  p e n e t r a t i o n  i n t o  
t h e  Middle Gray Shale  f o r  
f r a c t u r e  i n  t h e  Middle 
Brown Shale .  
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ABSTRACT 

Tests were performed us ing  a s i n g l e  r o l l e r  cone from a standard d r i l l  
b i t  t o  evaluate the  e f f e c t s  o f  c u t t e r  o f f s e t  angle on d r i l l - b i t  c u t t i n g  
e f f i c i ency  i n  deep we l ls .  For the  tes ts ,  t he  in situ cond i t i ons  of a 20,000 
foo t  w e l l  were approximately s imulated i n  the  l abo ra to ry  apparatus. 
r e v o l u t i o n  o f  t he  cone-arm c o n f i g u r a t i o n  was made. A t i g h t  sandstone, t he  
same as t h a t  used i n  the  ERDA/OGST d e e p - d r i l l i n g  program (Col ton sandstone, 
11 percent  po ros i t y ,  50 pd pe rmeab i l i t y ) ,  was used f o r  f i v e  d i f f e r e n t  o f fse ts .  
Torque, t h r u s t ,  and volume removed were recorded; p re l im ina ry  imp1 i c a t i o n s  
t h a t  can be obta ined f o r  d r i l l - b i t  design f o r  deep-well d r i l l i n g  w i l l  be 
discussed. 

A s i n g l e  

IPTRODUCTION 

The ERDA-sponsored s i n g l e  c u t t e r  d r i l l  i n g  t e s t s  were conducted t o  de te r -  
mine the  e f fec ts  of skew on c u t t i n g  e f f i c i e n c y  o f  r o l l e r  cones i n  deep we l l s .  
Impetus f o r  t h i s  i n v e s t i g a t i o n  i s  due p r i m a r i l y  t o  the  problem of reduced 
d r i l l i n g  r a t e s  i n  formations f o r  which continuous p l a s t i c  ( d u c t i l e )  f low 
accompanies l a r g e  deformat ion r a t h e r  than b r i t t l e  f a i l u r e .  Reduction i n  
d r i l l i n g  r a t e s  ranging from 30 t o  80 percent  have been observed i n  d u c t i l e  
rocks as noted by Cheatham [1977], Murray e t  a2 [1955], and Eckel [1958], 
among others.  
a l l y  used i n  hard rock  d r i l l i n g  i s  n o t  s u f f i c i e n t  [Payne and Chippendale, 1953; 
Cheatham, 19771. 
c rush ing  has been found t o  g i v e  bes t  r e s u l t s  i n  inc reas ing  d r i l l i n g  r a t e s .  
Th i s  a c t i o n  I s  u s u a l l y  obta ined by des ign ing a d r i l l i n g  b i t  w i t h  o f fse t  cones 
us ing  l a r g e r  t o o t h  spacing and ch i se l - t ype  i n s e r t s .  Cone o f f s e t  s imply  means 
t h a t  the  cone apex leads i n  t h e  d i r e c t i o n  o f  r o t a t i o n ,  causing the  i n s e r t s  t o  
drag. 
wear s ince  the  minera l  abrasiveness may s t i l l  be q u i t e  h igh  a l though the  rock  
i s  i n  a d u c t i l e  s t a t e  [Coffman and Connors, 1974). Excessive t o o t h  wear 
reduces b i t  l i f e ,  thus i n t roduc ing  a t rade  o f f  between increased d r i l l i n g  

When d u c t i l e  cond i t i ons  p r e v a i l  , simple crushing a c t i o n  norm- 

Rather, a scrapping and gouging a c t i o n  i n  con junc t i on  w i t h  

However, t he  a d d i t i o n a l  a c t i o n  o f  scrapping may casue excessive t o o t h  

Prepared f o r  ERDA under Order No. BE-00-P-3252. 
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ra tes  and increased "trip" time caused by b i t  replacement. 
advantageous to  optimize the of fse t  angle so as to  minimize tooth wear while 
maintaining respectable d r i l l i n g  ra tes .  

T h u s ,  i t  would be 

I t  was decided tha t  a n  i n i t i a l  ser ies  o f  t e s t s  were to  be r u n  t o  analyze 
the e f fec ts  of cone of fse t  independent of  tooth wear. 
of a 20,000 foot well were simulated i n  the t e s t  apparatus modified for t h i s  
work. A single t u r n  of the single cu t te r  was made on the rock specimen w i t h  
one t e s t  r u n  a t  each of f ive  different  of fse t s  (0,  2 ,  4 ,  G and 8 degrees). 
Torque, thrust, and volume removed were recorded i n  order t o  determine spec- 
i f i c  energy and removal ra te  for  comparison purposes. 

The in s i tu  conditions 

TEST SPECIMEN PREPARATION AND APPARATUS 

The t e s t s  were conducted on 7-1/2 inch diameter samples of Colton Sand- 
stone in a t e s t  machine modified f o r  this work. Downhole conditions were 
simulated i n  a 60,000 psi capacity, 8-inch I.D.,  pressure vessel mounted i n  
a 1 . 7  million pound capacity load frame. 
per t ies  [Black, Rogers and Wright,  19771: 

This rock had the following pro- 

Young's Modulus = 3.1 x l o 6  psi 
Porosity = 11 percent 
Permeabi 1 i t y  = 50 microdarcies 
Dry Bulk Density = 2.36 gm/cm3 

All specimens were saturated. 

shows a steel  end cap on t o p  of the rock and the rock restigg on the d r i l l i ng  
chamber. 
the cu t t e r  taper a t  the normal p i n  angle (36 ). The specimen was sealed from 
the confining f l u i d  us ing  an 0.02 inch thick urethane jacket. 
chamber rested on the base plug which was supported by a reaction column, 
thus transferring the vessel pressure t o  the load frame. 

A schematic of the t e s t  system i s  shown i n  Figure 1 .  The schematic 

The rock face nearest the b i t  was tngled a t  2-1/2 , t h u s  matching 

The d r i l l i n g  

The schematic also shows a 3-inch-diameter hollow shaft  r u n n i n g  through 
a concentric hole i n  the base p l u g .  
s h a f t  inside the d r i l l i ng  chamber u s i n g  four 350-ohm three-gage roset tes  
mounted and wired into a four-arm bridge arrangement i n  order t o  cancel bend- 
i n g  moments. 
arated from the d r i l l i ng  f l u i d )  i n  a solvent-fi l led chamber so as not t o  
short-circuit  the s t ra in  gages. 
were equal. 

Torque and thrust were measured on the 

Note that  the gages were mounted inside the hollow shaft  (sep- 

Pressures inside and outside of the shaft  

The cu t te r  was mounted on a 4-3/4-inch-diameter plate  bolted t o  the 
shaft .  The top of the plate was dr i l led  and tapped such that  the cu t te r  
centerline could be skewed a t  angles of 0,  2 ,  4 ,  G and 8 degrees from the 
center of rotation (offsets  of 0.064, 0.126, 0.184, and 0.42 inches from 
the center of rotat ion) .  
Tricone b i t  was attached t o  the skew plate  w i t h  a p i n  angle of 36 . 

This was adjusted i n  order t o  give 350 rotation a t  approximately 33 RPM. 

The number one cu t te r  of a Security 4-364 inch M88 

The shaft  was rotated by an O h i o  gsc i l la tor  rotary hydraulic actuator. 
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The torque and RPM were controlled by a flow control and pressure regulator 
between a 3,000 psi hydraulic l ine  and the rotary actuator. 
supplied by the servo-control led bottom actuator of the load frame. 

T h r u s t  was 

Water was used as the d r i l l i ng  f lu id  while solvent was used as the con- 
fining pressure f luid.  Haskel pumps were used for  pressurization with d r i l l i ng  
f lu id  pressure being monitored w i t h  a Tyco AB pressure transducer and confining 
pressure being monitored with a Heise pressure gage. 

was I 

prob 

grad 

Data was acquisitioned using f a s t  response X-Y recorders. Prior t o  actual 
tes t ing,  recorder outputs were compared to  oscilloscope tracings during sim- 
ulated cu t te r  t e s t s  in order t o  assure t h a t  recorder frequency response did 
not impare data acquisition. Agreement between recorder and oscilloscope data 

i th in  a few percent, indicating t h a t  recorder sweep ra tes  were not a 
em. 

TEST PROCEDURE 

A well depth of 20,000 psi was simulated using the follow 
ents: 

Confining Pressure = 2/3 ps i / f t  depth 
Mud Pressure = 1 / 2  p s i / f t  depth 

ng pressure 

Thus, t e s t  pressures were 13,300 psi and lO',OOO psi for  the confining and 
d r i l l i ng  f lu id  pressures, respectively. 
occurred a t  confining pressures less  than 10,000 ps i ,  indicating that  the rock 
was in a duct i le  s t a t e  when tested [Black, Rogers and Wright, 19771. 
reaching pressure, the lower actuator was raised until the b i t  contacted the 
rock. 
servo-controller in the displacement feedback mode. 
thrust was 1,000t200 pounds. A tooth penetration of 0.1 inch was used i n  an 
attempt to  standardize i n i t i a l  conditions prior t o  rotary cutting since con- 
t rol  of thrust or  torque during the few seconds of t e s t  time was 
not possible. Furthermore, control of i n i t i a l  thrust was not attempted due 
t o  the discontinuous nature of the load-penetration plots encountered during 
tooth penetration, i e .  , piecewise continuous curves were generated during 
tooth penetration with numerous load drops  occurring, t h u s  making the selec- 
tion of an i n i t i a l  thrust questionable. 

The br i t t l e -duc t i le  t ransi t ion 

After 

The b i t  was i n i t i a l l y  inserted 0.1 inch into the rock face using the 
The result ing average 

W i t h  i n i t i a l  t e s t  conditions s e t ,  the rotary actuaotor was activated. 
typical torque and thrust record versus time for  a 350 rotation a t  about 
33 RPM i s  shown in Figure 2.  
from the vessel and the rock face photographed. 
was used t o  make a cast  of the dr i l led  rock and from t h a t  the volume removed 
was determined by wei ghi ng. 

A 

After depressurizing, the sample was removed 
Silicone rubber mold material 

RESULTS AND CONCLUSIONS 

Table I l i s t s  the resu l t s  of the s ix  t e s t s .  The table l i s t s  offset  
angle, hole geometry, specific energy and volume removed per hole. 
scr ipt ive purposes only, the hole geometry was approximated u s i n g  a cone w i t h  
the r a t io  of the mean base squared over the mean depth (62 /p) .  This gives an 
indication of the change i n  the hole geometry between the b r i t t l e  and duct i le  
s ta tes .  

For de- 

The specific energy was determined by planimetering the area under 
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the thurst and torque curves. The result ing average thrusts and torques were 
used i n  the fo l lowing  equation to  get the total  i n p u t  energy 

where Th and To are  the average thrust  and torque, respectively, P i s  the 
average penetration of the cu t te r  and  IT i s  a constant accounting for  the 
circumferential path of the cut ter .  
need be considered since the contribution from the thrust i s  neglible. 

Only the torque component of the energy 

Table I shows a s ignif icant  change i n  hole geometry when comparing 
unconfined t o  confined t e s t s .  The unconfined t e s t  shows a much larger crater  
area for a given penetration, i . e .  , more chipping action is  observed as would 
be expected i n  the b r i t t l e  s ta te .  
c ra te r  area t o  inser t  area reduces from 2.6  t o  1 . 2  Also, c ra te r  area to  
chip height reduces from 2 inches to  0.4 inches, suggesting t h a t  crushing, 
not chipping, i s  the predominant mode of material removal. This may be ob- 
served t o  be the case when comparing Figure 3 t o  Figures 4 and 5. 

As the rock becomes duct i le ,  the r a t io  of 

Table I also shows t h a t  the specific energy for  the confined t e s t  a t  
zero of fse t  was 2.7 times the specific energy for  the unconfined zero offset  
t e s t .  The specific energy for the confined t e s t s  a t  the various offsets  a re  
d i f f i c u l t  t o  interpret .  
s e t  angle. 
i f i c  energy w i t h  o f f se t .  However, because of data sca t te r ,  judgement should 
be reserved as t o  the quantitative increase i n  specific energy w i t h  skew 
angle u n t i l  more data is available. 

Figure 6 shows a plot of  specific energy versus o f f -  
A l ea s t  square f i t  t o  the data would suggest an increase i n  spec- 

IMPLICATIONS FOR DESIGN AND FUTURE TESTING 

An increase i n  specific energy indicates t h a t  more work must be p u t  
i n t o  d r i l l i ng  for  removal of a unit volume of material. tiowever, such i n -  
creases i n  costs caused by more work i n  d r i l l i ng  using offsets  may be compen- 
sated by higher d r i l l i n g  ra tes .  
removed per hole versus of fse t  angle, thus g i v i n g  an indication of the 
d r i l l i ng  rates .  The Figure suggests that  the 2 and 4 degree of fse t s  i n -  
creased volume removal by about 1 .7  times the 0 degree of fse t  d u r i n g  confined 
tes t ing.  I n  comparison the increase i n  specific energy was only about 1 .4  
times. Consequently, the preliminary indication i s  that  a 2 t o  4 degree off-  
s e t  appears t o  give near optimum dr i l l i ng  when considering i n p u t  power and 
rates of material removal. 

Figure 7 shows a plot of averaae volumes 

Future t e s t s  wi l l  involve duplication of the 8 and 8 degree of fse t  ex- 
periments u s i n g  0.1 inch penetration and running three t e s t s  a t  1 degree 
of fse t  using 0.05 inch penetration while simulating conditions a t  depths of 
20,000 feet .  These t e s t s  will be used to  indicate d a t a  sca t te r  and t o  give 
in s i t e  into the e f fec t  of variable tooth penetration d u r i n g  d r i l l i n g .  Con- 
sequently, improvements on cu t te r  penetration measurement are  being incorp- 
orated prior t o  the next testing phase i n  order t o  provide more stringent 
control of the t e s t  paramters. 
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TABLE I - TEST RESULTS 

Offset Angle 1 Test Degrees 

Unconfined 
Confined 
Confined 
Confined 
Conf i ned 
Confined 

O0 
O0 
2 O  

4O 
6' 
8' 

Hole Geometry 
(K2hT inches 

2.00 
0.48 
0.47 
0.54 
0.41 
0.40 

1.33 
3.62 
6.29 
5.04 
7.20 
4.80 

1.76 
1.25 
2.26* 
1 .93  
1.59 
1.14 

* Note t h a t  outer holes  were used for  the volume pe r  hole  c a l c u l a t i o n s  t o  
e l i m i n a t e  the indexing effect. 
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Figure 3. - Unconfined test, zero offsets. 
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Figure 4. - Confined test, Figure 5. - Confined test go skew. 
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ABSTRACT 

Secondary and t e r t i a r y  recovery programs are  very  expensive t o  i n i t i a t e  
and main ta in  and c a r e f u l  eva lua t i on  o f  every r e s e r v o i r  being considered i s  
necessary. Unfor tunate ly ,  c u r r e n t  fo rmat ion  eva lua t i on  techniques do no t  pro-  
v ide  accurate enough f l u i d  conten t  i n fo rma t ion  t o  pe rm i t  sound economic dec i -  
s ions.  The ERDA F o s s i l  Fuels D i v i s i o n  funded a s tudy t o  analyze t h e  problem 
and t o  i d e n t i f y  f e a s i b l e  a l t e r n a t i v e  so lu t i ons .  

The problems and s o l u t i o n s  are  reviewed and a f e a s i b l e  Phase I system, 
which would p rov ide  acceptable i n fo rma t ion  accuracy under many cond i t ions ,  i s  
descr ibed. The design o f  t h i s  system i s  c u r r e n t l y  being funded by ERDA. 

INTRODUCTION 

The cont inued growth i n  demand f o r  petroleum resources coupled w i t h  de- 
c l i n i n g  reserves has r e s u l t e d  i n  increased pressure on r e s e r v o i r  engineers t o  
improve t h e  re1  i a b i l  i t y  o f  t h e i r  reserve  est imates and t o  eva lua te  e f f i c i e n c y  
of recovery techniques. 
and, therefore,  accuracy o f  res idua l  o i l  s a t u r a t i o n  est imates i s  impor tan t  t o  
r i s k  ana lys is .  A1 though var ious  logg ing  techniques have been improved s i g n i f -  
i c a n t l y  i n  t h e  pas t  few years,  t h e  r e s u l t s  a re  s t i l l  o n l y  an i n d i r e c t  measure- 
ment o f  fo rmat ion  p r o p e r t i e s  and the  accuracy o f  i n t e r p r e t a t i o n  i s  l i m i t e d  by 
assumed format ion f a c t o r s .  A t r u e  f l u i d  c o r i n g  system would have apprec iab le 
a p p l i c a t i o n  i n  development o f  both new and o l d  r e s e r v o i r s  as shown i n  Table 1. 

T e r t i a r y  recovery systems are  ext remely expensive 

Several major  o i l  companies have sponsored R&D p r o j e c t s  aimed a t  t he  ac- 
cu ra te  de terminat ion  o f  f l u i d  sa tu ra t i ons  i n  o i l  and gas rese rvo i r s .  A l l  of 
t h e  major  e f f o r t s  have inc luded t a k i n g  a core sample o f  t h e  fo rmat ion  and 
techniques have centered on c o n t r o l l i n g  the  p r o p e r t i e s  o f  t h e  d r i l l i n g  f l u i d  
w h i l e  c o r i n g  as a means o f  reducing o r  t o t a l l y  e l i m i n a t i n g  a l t e r a t i o n s  of t r u e  
f l u i d  sa tu ra t i on .  These approaches are ext remely c o s t l y  and i n  general have 
n o t  been successfu l .  I n  add i t i on ,  they  do n o t  prevent  changes i n  t h e  f l u i d  
conten t  r e s u l t i n g  f rom reduc t i on  i n  t h e  c o n f i n i n g  pressure as t h e  core i s  
brought t o  t h e  e a r t h ' s  surface. 

Other techniques have been based on t h e  recovery o f  core w h i l e  ma in ta in -  
i n g  a constant  bottomhole pressure environment. Th i s  method has e l im ina ted  one 
source f o r  e r r o r  , pressure reduc t i on  , b u t  p r e s e n t l y  ava i  lab1 e systems do n o t  
adequately prevent  f l u s h i n g  du r ing  the  co r ing  opera t ion  and l a c k  general op- 
e r a t i n g  r e l i a b i l i t y .  

A s imple combinat ion o f  spec ia l  d r i l l i n g  f l u i d s  and a pressure core bar-  
r e l  does n o t  p rov ide  t h e  t o t a l  s o l u t i o n ,  bu t  may suggest concepts f o r  more 
soph is t i ca ted  systems capable o f  cap tu r ing  ' ' t r ue  f l u i d "  cores. 
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FEASIBILITY OF A TRUE FLUID CORING SYSTEM 

The objective of t h i s  en t i re  study was to  determine the f eas ib i l i t y  of 
obtaining unaltered true f luid samples of o i l  and gas reservoirs. After hav-  
i n g  examined the problem and many al ternat ive solutions, we have determined 
t h a t  there i s  vir tual ly  no probability of obtaining completely unaltered 
samples. Any technique within the bounds of a practical bore hole s ize  must 
a l t e r  the reservoir s l ight ly .  However, there i s  an acute need for  accurate 
f lu id  saturation in reservoir production planning. T h i s  need is  so great t h a t  
100% accuracy i s  n o t  absolutely necessary and a system which approaches t rue 
resul ts  would be acceptable. I t  i s  f e l t  that  there i s  a very good probability 
that  a system can be developed which will give resu l t s  much improved over pre- 
sent techniques which cause flushing of 50% to 100%. I t  is desirable t o  reduce 
flushing t o  less  than 10%. 

The present Loomis pressure coring system, shown i n  Figure 1, i s  believed 
t o  give resu l t s  approaching this accuracy under certain f i e ld  conditions when 
the system functions properly. The design concepts for  a Phase 1 True Fluid 
Coring System which can routinely and re1 iably achieve resul ts  approaching 90% 
accuracy i s  thought t o  be n o t  only feasible  b u t  also within the pract ical ,  
normal economics o f  dr i l l i ng  operations. 

The development of a Phase 1 system will require several parallel e f fo r t  
programs requiring about 18 t o  24 months from inception to  f i e ld  t e s t  of a 
prototype coring system. These parallel  e f for t s  include the design and manu- 
facture of a prototype coring system, the laboratory evaluation of the influ- 
ence of b i t  design on f luid invasion, the manufacture of an optimum b i t  de- 
sign, and the evaluation of  d r i l l i ng  fluid additives to  reduce f luid invasion. 
No dramatically new technology development i s  required t o  develop th i s  system. 
The fac t  that  such a system has n o t  already been bui l t  can be attr ibuted t o  
the lack of unified e f for t  and economic incentive t o  develop such an inte- 
grated system. 

Several very sophisticated system concepts appear capable of reducing 
flushing t o  the 2% to  5% range. Development of such a system would only be 
possible under an "unlimited funding" approach with the evaluation o f  a l t e r -  
natives, development of new technology and design and development of pro to-  
type for  f i e ld  tes t ing requiring a minimum of f ive years. While this type of 
accuracy i s  n o t  needed a t  present, future needs and increased concern over 
maximum energy production may require t h a t  a very sophisticated coring system 
be developed. 

PHASE 1 SYSTEM 

A Phase 1 True Fluid Coring System capable of significantly improved re- 
sults over currently available systems i s  feasible.  T h i s  system (Figure 2 )  
would cut and recover a core maintained under bottomhole pressure b u t  n o t  
temperature, and would rely on the freezing technique t o  permit handling and 
transportation of the core t o  the analysis laboratory without pressure main- 
tenance. The system would have the alternati,ve capabili ty of being manufac- 
tured t o  take a very short (e .g . ,  5 foot)  core which could be maintained 
under pressure a t  the surface for  special applications such as the t i g h t  gas 
s a n d s  where freezing might be detrimental t o  accurate analysis. Specific de- 
sign parameters considered essential t o  t h i s  Phase 1 system are described be- 
low. 

H-7 /2  



I nne r  tube system sealed a t  bo th  t o p  and bottom by h y d r a u l i c a l l y  actu-  
a ted  b a l l  va lves (F igure  3) .  

Lower b a l l  va l ve  mounted i n  an ou te r  tube sub t o  permi t  maximum core 
s ize .  

A s l i d i n g  in te rmed ia te  s leeve t o  p rov ide  a sealed chamber between t h e  
lower end o f  t h e  i nne r  tube and t h e  b a l l  va lve  sub. 

A bypass o r  dump va lve  p r o v i s i o n  t o  permi t  bypassing most of t h e  d r i l l -  
i n g  f l u i d  w i thou t  c i r c u l a t i n g  through the  b i t .  

A co r ing  b i t  w i t h  a tapered crown t o  d i r e c t  dynamic f l u i d  invas ion  away 
from t h e  core, and a rep laceab le  p i l o t  b i t  t o  p rov ide  f u r t h e r  i s o l a t i o n  
of t h e  core f rom t h e  d r i l l i n g  f l u i d  (F igure  4 ) .  

A s leeve between t h e  core b i t  and t h e  lower end o f  t h e  i n n e r  tube t o  pro-  
v i d e  complete i s o l a t i o n  o f  t h e  core f rom the  d r i l l i n g  f l u i d  a t  t h a t  p o i n t  
(F igure  4 ) .  

A v iscous, non-invading, non- f reez ing ge l  i n s i d e  t h e  i n n e r  tube t o  be 
d isp laced by t h e  core as i t  enters  the  i n n e r  tube (F igure  5 ) .  

Flow channels t o  a l l o w  t h e  extruded gel  t o  c lean t h e  p i l o t  o f  t h e  c o r i n g  
head. 

Sensors t o  de tec t  and prov ide  sur face  i n d i c a t i o n  i n  the  case o f  c r i t i c a l  
opera t iona l  f a i l u r e .  

ADVANCED SYSTEM 

A h i g h l y  soph is t i ca ted  t r u e  f l u i d  c o r i n g  system can be b u i l t  i f  adequate 
t ime and funds are  provided. The p r a c t i c a l  va lue o r  even t h e  necess i ty  f o r  
such a system i s  dependent on t h e  outcome o f  f i e l d  t r i a l s  o f  a Phase 1 sys- 
tem. For example, a Phase 2 system may be necessary t o  overcome t h e  problem 
of f l u i d  i nvas ion  du r ing  t h e  ac tua l  c o r i n g  operat ion.  On the  o t h e r  hand, if 
b i t  design, f l u i d  bypassing, and o t h e r  concepts i n  t h e  Phase 1 system sub- 
s t a n t i a l l y  e l i m i n a t e  t h i s  i nvas ion  problem, t h e  necess i ty  f o r  a Phase 2 sys- 
tem i s  n o t  as g rea t .  

Since an advanced t r u e  f l u i d  c o r i n g  system i s  env is ioned e s s e n t i a l l y  f o r  
t h e  purpose o f  s o l v i n g  the  invas ion  problem, any Phase 2 system must address 
t h i s  problem f i r s t .  Such system might  inc lude:  

1) A core b a r r e l  r u n  below a packer t o  i s o l a t e  t h e  r e s e r v o i r  rock 
f rom t h e  convent ional  d r i l l i n g  f l u i d  (F igure  6 ) .  

2 )  A c losed c i r c u l a t i n g  system below t h e  packer u t i l i z i n g  a spec ia l  
non- invading c i r c u l a t i n g  f l u i d  w i t h  t h e  pressure o f  t h i s  f l u i d  
be ing balanced t o  match r e s e r v o i r  pore pressure,  thus e l i m i n a t i n g  
h y d r o s t a t i c  overpressures (F igure  6 ) .  

3 )  The convent ional  f l u i d  c i r c u l a t i o n  above t h e  packer maintained t o  
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condition the hole and to drive a mud motor providing hydraulic, 
mechanical and electrical power for operation of servo-control s 
and sensors in the coring system (Figure 7). 

4) Rotary power provided by the drillstring from the surface or by a 
mud motor or an electrodrill (in which case, there would be direct 
communications with the surface and the need for downhole power 
generation would be eliminated). 

Several interesting alternative concepts have been proposed for handling 
the core and analysis. In one alternative, the core barrel would consist of 
a pressure coring system capable of maintaining pressure and temperature dur- 
ing the trip to the surface. Since the pressure and temperature conditions 
must be maintained at least through some point in the analysis cycle, it is 
probable there would be provision for on-site analysis in order to minimize 
the problems associated with maintaining pressure and temperature. The pres- 
sure coring system would very likely be an evolutionary design based on Phase 
1 experiences. 

In another approach, logging sensors would measure reservoir properties 
as the core passes through the lower end of the inner tube (Figure 8). The 
coring system could be designed with or without pressure and temperature 
maintenance capabilities as required. With advances in logging techniques, 
this approach may supercede the other more normal coring schemes since accu- 
rate property measurement downhole would eliminate pressure maintenance and 
surface handling problems that greatly complicate the system 

CONCLUSIONS 

A practical system for obtaining more accurate flu 
is feasible. 

design. 

d saturat ons 

The best first-stage approach is a fairly uncomplicated pressure 
core barrel. 

Two very sophisticated "advanced1' systems for greatest accuracy 
in results appear feasible given "unlimited" development resources. 

One "advanced" concept is based on a highly complicated pressure 
core barrel. 

Another "advanced" system involves examination of core at the 
bottom of the hole using logging techniques. 

Regardless of technique, the major problem to be overcome is that 
of cutting the core without disturbing the true fluid content. 

Areas requiring additional study include: - the influence of bit design on fluid invasion; and 
- identification of drilling fluids additives to improve non- 

i nvadi ng properties. 
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Figure 1 
Loomis pressure core barrel. 

I 

Figure 2 

PHASE I PRESSURE CORING SYSTEM 

Tapered crown coring bit with 
replaceable pilot. 

Non-invading, non-freezing Gel 
inside inner tube. 
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PRESSURE BALANCED 
TO PORE PRESSURE 

Figure 6 
Packer isolation of closed 
loop drilling fluid system. 

MUD DRIVEN MOT0 
(MOYNO OR TURBOORI 

ELECTRICAL WWER 

SERVO CONTROLS 

EClAL BALANCED PRESSURE. 
NlNVADtNG FLUID IN CLOSED 

ClRWUTlON SYSTEM 

Figure 7 
Phase 2 coring System 

Logging S e n r c  

Figure 8 
Logging while coring tool. 

TABLE 1 

APPLICATIONS OF 
TRUE FLUID CORE ANALYSIS DATA 

PARAMETER MEASURED APPLICATION 

NEW RESERVOIRS 
lnit iat fluid saturations Improved resecve estimates 

and better evaluation of Porosity 
Formation resistivity factors logs on later wells 
Acoustic velocity 
Relative permeability Planning for future 
Relative wettability secondary and tertiary 
Flow tests recovery 

OLD RESERVOIRS 
Present fluid saturations 
Porosity 

Relative permeability 
Relative wettability 
Flow tests 

Evaluation of secondary 
and tertiary recovery 
economics 

Selection and planning 
of recovery programs 
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ABSTRACT 

Th i s  p a p e r  p r e s e n t s  t h e  a c t i v i t i e s  o f  t h e  D r i l l i n g  Technology 
Research  Program conducted  by Sand ia  L a b o r a t o r i e s  f o r  DOGST/ERDA 
from program i n c e p t i o n  i n  A p r i l ,  1 9 7 6 ,  t o  September ,  1 9 7 7 .  
P r o g r e s s  on f o u r  p r o j e c t s  i s  p r e s e n t e d  - -  High Performance B i t s ,  
High Tempera ture  Mud I n s t r u m e n t a t  i o n  , High Temperature  M a t e r i a l s  
and Downhole I n f o r m a t i o n  While D r i l l i n g .  

The h i g h  per formance  b i t  development c e n t e r s  on improved bond- 
i n g  t e c h n i q u e s  f o r  a t t a c h i n g  t h e  Genera l  E l e c t r i c  man-made diamond 
( S t r a t a p a x )  t o  a mounting s t r u c t u r e  o r  b i t  body. Bond s t r e n g t h s  
i n  e x c e s s  o f  8 0 , 0 0 0  p s i  ( 5 5 0  MPa) i n  s h e a r  have been produced  by 
d i f f u s i o n  bonding .  The improved bonding t echno logy  w i l l  
a c c e l e r a t e  a p p l i c a t i o n  o f  t h e  S t r a t a p a x  t o  d r i l l  b i t s  by improving 
m a n u f a c t u r a b i l i t y  and r e l i a b i l i t y  of t h e s e  b i t s .  S i n g l e  p o i n t  
c u t t i n g  t e s t s  of d i f f u s i o n  bonded S t r a t a p a x  a r e  d i s c u s s e d  a l o n g  
w i t h  p l a n s  f o r  b i t s  t o  f i e l d  t e s t  the  d i f f u s i o n  bonds .  

P r e l i m i n a r y  d e s i g n  work on h i g h  t e m p e r a t u r e  mud f i l t r a t i o n  
and v i s c o s i t y  i n s t r u m e n t a t i o n  i s  d e s c r i b e d  a l o n g  w i t h  i n i t i a l  
a t t e m p t s  t o  c h a r a c t e r i z e  p h y s i c a l  changes t h a t  o c c u r  i n  muds i n  
deep h o t  w e l l s .  The g o a l  i s  t o  deve lop  t e s t s  t h a t  w i l l  s i m u l a t e  
downhole c o n d i t i o n s .  Th i s  f i e l d  equipment w i l l  a l l o w  o n - s i t e  
e v a l u a t i o n  which w i l l  d e c r e a s e  mud c o s t s  by r e d u c i n g  t h e  n e c e s s i t y  
o f  o v e r  t r e a t m e n t  o f  d r i l l i n g  f l u i d s .  Exper iments  underway t o  
de t e rmine  ways t o  i n c r e a s e  t h e  s e r v i c e  l i f e  o f  d r i l l  s t e e l s  and 
e l a s t o m e r s  i n  h o t  c o r r o s i v e  envi ronments  a r e  d i s c u s s e d .  B e t t e r  
s e r v i c e  l i f e  w i l l  d e c r e a s e  t h e  number o f  equipment f a i l u r e s ,  r educe  
e x p e n s i v e  f i s h i n g  j o b s  and a l l o w  comple t ion  o f  more w e l l s  i n  
h o s t i l e  env i ronmen t s .  A f o u r t h  a r e a ,  Downhole I n f o r m a t i o n  While 
D r i l l i n g ,  h a s  l i m i t e d  a c t i v i t y  on development of  a " D r i l l i n g  and 
Formation I n f o r m a t i o n  System" t o  de t e rmine  t h e  d i f f e r e n c e  between 
f o r m a t i o n  and mud column p r e s s u r e s  w h i l e  d r i l l i n g ,  These programs 
w i l l  a i d  i n  r e a c h i n g  t h e  ERDA/FE g o a l s  by improving r i g  e f f i c i e n c y ,  
r e d u c i n g  d r i l l i n g  c o s t s  and i n c r e a s i n g  t h e  f o o t a g e  d r i l l e d  p e r  
y e a r .  A d d i t i o n a l  f o o t a g e  w i l l  y i e l d  i n c r e a s e d  p e t r o l e u m  r e s e r v e s .  

P r e p a r e d  f o r  t h e  Energy Research  and Development A d m i n i s t r a t i o n ,  
under  C o n t r a c t  No. ( 2 9 - 1 ) - 7 8 9 .  
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SUMMARY 

The D r i l l i n g  Technology Research Program a t  Sandia  L a b o r a t o r i e s ,  
be ing  conducted f o r  t h e  Div is ion  of O i l ,  Gas and Shale  Technology/ 
ERDA, i s  composed of f o u r  p a r t s  - -  High Performance B i t  Development, 
High Temperature D r i l l i n g  F l u i d s ,  High Temperature M a t e r i a l s  and 
Downhole Information While D r i l l i n g .  This document r e p o r t s  t h e  
a c t i v i t i e s  of t h e  program i n  FY-76, FY-76.4 and FY-77. 

The pr imary t h r u s t  of t h e  High Performance B i t  Development 
Program has  been t h e  development o f  an improved bonding technique 
f o r  a t t a c h i n g  t h e  General E l e c t r i c  Co. man-made diamond c u t t e r s ,  
S t r a t a p a x .  D i f fus ion  bonding has  been s e l e c t e d  f o r  development 
because i t  p rov ides  a s t r o n g  at tachment  method a t  a r e l a t i v e l y  low 
temperature  t h a t  i s  more r e s i s t a n t  t o  weakening due t o  f r i c t i o n a l  
h e a t i n g  and f l u i d  e r o s i o n  than  convent iona l  b raz ing .  
bond p r o p e r t i e s  have been demonstrated i n  t h e  l a b .  The p r e s e n t  
e f f o r t s  a r e  d i r e c t e d  t o  developing a manufactur ing technique  and 
product ion  s p e c i f i c a t i o n  f o r  t h e  d i f f u s i o n  bond us ing  commercially 
a v a i l a b l e  p r o c e s s e s .  D r i l l  b i t s  a r e  be ing  designed t o  f i e l d  
t e s t  t h e  d i f f u s i o n  bonded j o i n t s  t o  demonstrate  t h e  s e r v i c e a b i l i t y  
o f  t h e  bond. 

S u i t a b l e  

Accomplishments t o  d a t e  a r e :  

(1) 

( 2 )  

(-3) 

( 4 )  

The 
cen te red  

Ni-Ni d i f f u s i o n  bonds w i t h  s h e a r  s t r e n g t h s  i n  excess  
of 8 0  k s i  have been p repa red .  These bonds a r e  bo th  
h e a t  and e r o s i o n  r e s i s t a n t  and t h e i r  toughness has 
been demonstrated i n  l a b o r a t o r y  s i n g l e  c u t t e r  t e s t s .  

S i n g l e  c u t t e r  t e s t s  have shown a diamond f a i l u r e  mode 
i n  ha rde r  rock a t  c u r r e n t l y  accepted  low r ake  angles  
( <  1 5 " ) .  Rake angles  g r e a t e r  than 20"  have been shown to minimize t h i s  f a i l u r e  mode and provide  a c o n t r o l l e d  
wear,  l o n g l i f e ,  s e l f  - sharpening  c u t t e r .  

An i n t e r a c t i v e  graphics  computer a lgo r i thm has been 
developed t h a t  g r e a t l y  reduces t h e  des ign  time r e q u i r e d  
t o  d e f i n e  an optimum S t r a t a p a x  b i t  c o n f i g u r a t i o n .  

A S t r a t a p a x  core  b i t  has been developed j o i n t l y  w i t h  
American Coldset  Corp. and has  shown g r e a t l y  improved 
d r i l l i n g  r a t e s  and l i f e  i n  l a b o r a t o r y  t e s t s .  Fu r the r  
development o f  t h i s  b i t  could g r e a t l y  reduce co r ing  
c o s t s .  

High-Temperature-Pressure Mud Ins t rumen ta t ion  work has 
on a s t a t e  of t h e  a r t  assessment and in s t rumen ta t ion  

d e f i n i t i o n  and des ign .  This  program has c h a r a c t e r i z e d  t h e  e f f e c t s  
o f  h igh  temperatures  and p r e s s u r e  on d r i l l i n g  muds and w i l l  p rovide  
f i e l d  p o r t a b l e  t e s t  equipment t o  s imula t e  downhole cond i t ions  i n  
mud t e s t i n g .  Development o f  a high-temperaturelpressure viscometer  
and a high temperature  f i l t e r a t i o n  t e s t  a r e  underway. 
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The High Temperature M a t e r i a l s  p r o j e c t  i nc ludes  t e s t i n g  
of samples of coa ted  e las tomers  and specimens of d r i l l  s t e e l s  
wi th  v a r i o u s  h e a t  t r ea tmen t  t o  i n c r e a s e  t h e  s e r v i c e  l i f e  o f  
t h e s e  m a t e r i a l s  i n  a h igh  t empera tu re ,  sour  gas environment. 
Ageing t e s t s  and f a t i g u e  t e s t s  a r e  be ing  conducted and scheduled 
f o r  completion by t h e  end of FY-77. 

I n  t h e  f o u r t h  p r o j e c t ,  Downhole Information While D r i l l i n g ,  
work was i n  t h e  form of an i n v e s t i g a t i o n  t o  determine a r e a s  t h a t  
would b e n e f i t  from ERDA suppor t .  A f t e r  cons ide rab le  s t u d y ,  i t  
has been concluded t h a t  t h e  technique proposed by M o b i l  R E D  
Corporat ion f o r  determining t h e  d i f f e r e n c e  between t h e  formation 
p r e s s u r e  and mud column p r e s s u r e  whi le  d r i l l i n g  i s  a technique 
t h a t  should  be a c t i v e l y  pursued.  This p r o j e c t  i s  desc r ibed  i n  
t h e  j o i n t  Mobil-Sandia p r o p o s a l ,  " D r i l l i n g  and Formation 
Informat ion  System." The technique w i l l  be a va luab le  a s s e t  i n  
d r i l l i n g  i n t o  p r e s s u r e  s e n s i t i v e  formations and i n  f r o n t i e r  
a r e a s  and w i l l  complement t h e  downhole t e l eme t ry  systems t h a t  a r e  
be ing  developed by i n d u s t r y  a t  t h e  p r e s e n t  t ime.  

In  a l l  o f  t h e s e  p r o j e c t s  i t  has  been Sand ia ' s  p o l i c y  t o  
a c t i v e l y  c o n s u l t  wi th  i n d u s t r y  i n  o r d e r  t o  have t h e  b e s t  p o s s i b l e  
in format ion  t o  d i r e c t  ou r  work. I t  i s  a l s o  program p o l i c y  t o  
develop coope ra t ive  programs w i t h  i n d u s t r y  where p o s s i b l e  t o  
i n s u r e  proper  program d i r e c t i o n  and even tua l  u t i l i z a t i o n .  These 
coope ra t ive  programs range from formal c o n t r a c t u a l  arrangements t o  
informal  working agreements. Indus t ry  i s  w i l l i n g  t o  p a r t i c i p a t e  
i n  t h e s e  programs, e s p e c i a l l y  i f  arrangements can be made i n  such 
a manner a s  t o  avoid compromise of t h e i r  compet i t ive  p o s i t i o n .  

t h e  work t o  d a t e  and some i n d i c a t i o n  o f  t h e  planned a c t i v i t i e s  
f o r  t h e  f u t u r e .  

The fo l lowing  s e c t i o n s  g ive  a more d e t a i l e d  d e s c r i p t i o n  of 

H I G H  PERFORMANCE B I T  DEVELOPMENT 

This p r o j e c t  i s  designed t o  a i d  i n  development o f  h igh  
performance b i t s  w i t h  t h e  g o a l  of  h ighe r  p e n e t r a t i o n  r a t e s  i n  
deep w e l l s  and o f f s h o r e  where d r i l l i n g  c o s t s  a r e  very h igh .  
Because of t h e  g r e a t  promise shown by t h e  GE-Stratapax c u t t e r s  i n  
t e s t s  r e p o r t e d  t o  Sandia by GE and o t h e r s  i n  t h e  d r i l l i n g  i n d u s t r y ,  
i t  was decided t o  d i r e c t  t h e  f u l l  e f f o r t s  of t h i s  program toward 
a i d i n g  i n  developing S t r a t a p a x  b i t  technology.  

Ea r ly  s t u d i e s  i n  t h e  a p p l i c a t i o n  o f  S t r a t a p a x  t o  r o c k  
d r i l l i n g '  showed t h a t  one o f  t h e  primary f a i l u r e  modes was 
f r a c t u r e  of  t h e  b raze  j o i n t  between the  S t r a t a p a x  and suppor t ing  
s t u d .  Low temperature  b razes  have been used due t o  i n h e r e n t  
temperature  l i m i t a t i o n s  i n  t h e  man-made diamond. I t  was decided 
t h a t  Sandia  could b e s t  he lp  a c c e l e r a t e  t h e  use o f  S t r a t a p a x  i n  
d r i l l  b i t s  by improving the  bonding techniques used. A necessary  
p a r t  of t h i s  program i s  t o  e v a l u a t e  t h e  i n t e g r i t y  o f  t h e  bond i n  
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f i e l d  d r i l l i n g  a p p l i c a t i o n s .  Th i s  r e q u i r e s  e x t e n s i v e  t e s t i n g  o f  
t h e  bond i n c l u d i n g  d e s i g n  o f  a b i t  f o r  f i e l d  t e s t i n g  as a f i n a l  
p r o o f  t e s t  f o r  t h e  bonding  t e c h n i q u e .  I t  i s  under  t h e s e  g u i d e l i n e s  
t h a t  t h e  a c t i v i t i e s  d e s c r i b e d  below were conduc ted .  

The r e s u l t s  t o  d a t e  i n c l u d e  t h e  development  o f  an Ni-Ni  
d i f f u s i o n  bond t h a t  i n  i n i t i a l  t e s t s  shows t h e  h igh  s h e a r  s t r e n g t h ,  
e r o s i o n  r e s i s t a n c e  and t h e r m a l  s t a b i l i t y  d e s i r e d .  I n  b a s e l i n e  
b r a z e  t e s t i n g  on s i n g l e  c u t t e r  t e s t s ,  t h e r e  was e v i d e n c e  o f  b r a z e  
s o f t e n i n g  due t o  f r i c t i o n  h e a t i n g  o f  a worn c u t t e r .  The new 
t e c h n i q u e  u s e s  an N i - N i  bond which w i l l  n o t  s o f t e n  a t  t h e s e  
t e m p e r a t u r e s .  S i n g l e  c u t t e r  t e s t s  i n  h a r d  r o c k  have a l s o  demon- 
s t r a t e d  t h e  impor tance  o f  h i g h  n e g a t i v e  rake a n g l e s  ( g r e a t e r  t h a n  
- 2 0 " )  f o r  c u t t i n g  edge s t a b i l i t y  and l o n g  l i f e .  E a r l y  d e s i g n  
l a y o u t s  of t h e  t e s t  b i t  demons t r a t ed  t h e  need f o r  automated 
t e c h n i q u e  f o r  p o s i t i o n i n g  t h e  S t r a t a p a x  on t h e  b i t  body. An 
i n t e r a c t i v e  g r a p h i c s  computer a l g o r i t h m  i s  b e i n g  developed  t o  
p o s i t i o n  t h e  S t r a t a p a x  i n  an optimum way. These r e s u l t s  a r e  
d e s c r i b e d  i n  more d e t a i l  be low,  

The p r e s e n t  p l a n s  f o r  t h e  program i n c l u d e  a d d i t i o n a l  manu- 
f a c t u r i n g  development of  t h e  bonding  t e c h n i q u e  and c o n s t r u c t i o n  o f  
s e v e r a l  b i t s  t o  t e s t  t h e  improved bonds .  The impact  and f a t i g u e  
r e s i s t a n c e  o f  t h e  bonding  t e c h n i q u e  must b e  e v a l u a t e d  i n  f u l l  
s c a l e  f i e l d  t e s t s .  The b a s e l i n e  rock  c u t t i n g  s t u d i e s  gave some 
i n d i c a t i o n  o f  t h e  ruggedness  o f  t h e  bond b u t  o n l y  a f i e l d  t e s t  
can  g i v e  t h e  u l t i m a t e  p r o o f  of  f i e l d  w o r t h i n e s s .  F u t u r e  bonding  
s t u d i e s  w i l l  be  d i r e c t e d  towards i n s u r i n g  c o n s i s t e n c y  and manu- 
f a c t u r a b i l i t y .  The d e s i g n  o f  the  t e s t  b i t s  i n  c o o p e r a t i o n  w i t h  
b i t  companies a re  p r o c e e d i n g  w i t h  t h e  c r i t i c a l  a r e a  o f  b i t  h y d r a u l i c s  
r e q u i r i n g  c o n s i d e r a b l e  e f f o r t .  

S t r a t a D a x  Bonding Studv 

The o b j e c t i v e  o f  S a n d i a ' s  S t r a t a p a x  bonding s t u d i e s  i s  t o  
deve lop  a j o i n i n g  t echno logy  f o r  S t r a t a p a x  c u t t e r s  which w i l l  
a s s u r e  j o i n t  e f f i c i e n c i e s  a d e q u a t e  f o r  a l l  h i g h  per formance  b i t  
d e s i g n s .  S i n c e  h i g h  d r i l l i n g  r a t e s  c rea te  l a r g e  f o r c e s  and s i g n i -  
f i c a n t  h e a t i n g ,  t h e  development of  h i g h  s t r e n g t h  j o i n t s  t o  
S t r a t a p a x  c u t t e r s  i s  i m p o r t a n t  t o  h i g h  per formance  b i t  development .  

o r  d r i l l  b o d i e s  by b r a z i n g  w i t h  an Ag-Cu-Zn-Cd a l l o y .  T y p i c a l  
s t r e n g t h s  o f  t h e s e  b r a z e  j o i n t s  a r e  r e p o r t e d  t o  be  3 5 , 0 0 0  p s i .  
Some v a r i a t i o n  i n  j o i n t  s t r e n g t h  can  be e x p e c t e d  due t o  f l u x  
i n c l u s i o n s .  These j o i n t s  have  o f t e n  f a i l e d  i n  f i e l d  t e s t s .  

C o n v e n t i o n a l l y ,  S t r a t a p a x  c u t t e r s  a r e  j o i n e d  t o  cermet  s t u d s  

S e v e r a l  a l t e r n a t e  approaches  t o  improving j o i n t  e f f i c i e n c i e s  
have been  c o n s i d e r e d .  These i n c l u d e  improved b r a z e  t e c h n i q u e s ,  
u l t r a s o n i c  w e l d i n g ,  f r i c t i o n  w e l d i n g ,  d i f f u s i o n  bond ing ,  and 
d i f f u s i o n  b r a z i n g .  Braze j o i n t s  c o u l d  p r o b a b l y  be  made more 
c o n s i s t e n t  i n  s t r e n g t h  by minimiz ing  o r  e l i m i n a t i n g  f l u x  e n t r a p -  
ment,  b u t  t h e  u l t i m a t e  s t r e n g t h  o f  b r a z e  j o i n t s  can  p r o b a b l y  n o t  
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be  made t o  exceed  5 0 , 0 0 0  p s i  i n  s h e a r ,  because  o f  t h e  n e c e s s i t y  t o  
u s e  a l l o y s  which f low w e l l  a t  6 5 0 ° C  and t h e  b r a z e  i s  s u b j e c t  t o  
s o f t e n i n g  due t o  t h e  h e a t  g e n e r a t e d  w h i l e  c u t t i n g .  

Advantages of  d i f f u s i o n  bonding a r e  t h e  a b i l i t y  t o  bond t o  
complex s h a p e s ,  m a i n t a i n  t h i n  bond zones and p o t e n t i a l l y  p roduce  
v e r y  h i g h  j o i n t  e f f i c i e n c i e s .  P o t e n t i a l  d i s a d v a n t a g e s  o f  d i f f u s i o n  
bonding  a re  t h e  p r o b a b l e  need  t o  m e t a l l i z e  p a r t s  p r i o r  t o  bond ing ,  
h i g h  c a p i t a l  equipment c o s t s  and t h e  f a c t  t h a t  r e q u i r e d  bonding  
t e m p e r a t u r e s  a r e  n e a r  t h e  maximum p e r m i s s i b l e  l i m i t  o f  t h e  
S t r a t a p a x  ( 6 5 0 - 7 0 0 ° C ) .  D i f f u s i o n  bonding  was s e l e c t e d  f o r  d e v e l o p -  
ment a s  an a l t e r n a t e  p r o c e s s  t o  b r a z i n g  because  o f  p o t e n t i a l l y  
h i g h  j o i n t  e f f i c i e n c i e s  o b t a i n a b l e  by p roven  p r o c e s s  t e c h n i q u e s .  

N i c k e l  and c o b a l t  were s e l e c t e d  f o r  i n v e s t i g a t i o n  a s  p l a t i n g s  
on t h e  t u n g s t e n  c a r b i d e - c o b a l t  m a t r i x  ce rme t s  t o  i n c r e a s e  t h e  
bondab le  a r e a l  f r a c t i o n .  C o b a l t  was an  obv ious  c h o i c e  b e c a u s e  o f  
i t s  d e m o n s t r a t e d  a b i l i t y  t o  bond t o  t u n g s t e n  c a r b i d e .  N i c k e l  
was a t t r a c t i v e  from s e v e r a l  p o i n t s  o f  view.  F i r s t ,  o f  t h e  f . c . c .  
m e t a l s ,  which have  g e n e r a l l y  shown b e t t e r  bond ing  t h a n  b . c . c .  and 
h . c . p .  m e t a l s ,  n i c k e l  i s  t h e  s t r o n g e s t .  Another  f a v o r a b l e  
p r o p e r t y  o f  n i c k e l  i s  t h e  e a s e  w i t h  which o r g a n i z e  b a r r i e r s  can  
b e  removed. A l s o ,  n i c k e l  h a s  t h e  a b i l i t y  t o  d e s t r o y  o r g a n i c  
s u r f a c e  c o n t a m i n a n t s  and o x i d e  f i l m s  by a b s o r p t i o n  d u r i n g  d i f f u s i o n  
bond ing .  

E x p e r i m e n t a l  Approaches 

M e t a l l i z a t i o n  - -  P l a t i n g s  a p p l i e d  t o  cermet s u r f a c e s  p r i o r  
t o  d i f f u s i o n  bond ing  must n o t  o n l y  be  bondab le  b u t  must  e x h i b i t  
s t r o n g  i n t e r f a c i a l  bonds a t  t h e  ce rme t  s u r f a c e s .  Two p l a t i n g  
p r o c e s s e s  have been  s a t i s f a c t o r i l y  e v a l u a t e d :  e l e c t r o p l a t i n g  and 
a p h y s i c a l  d e p o s i t i o n  t e c h n i q u e ,  d . c .  e l e c t r o n  beam i o n  p l a t i n g .  

I n  t h e  e l e c t r o n  beam i o n  p l a t i n g  p r o c e s s ,  t h e  cermet p a r t s  
a r e  i n i t i a l l y  s p u t t e r  c l e a n e d  w i t h  a r g o n  i o n s .  While d . c .  
s p u t t e r i n g  i s  s t i l l  i n  p r o g r e s s ,  e l e c t r o n  beam e v a p o r a t i o n  i s  
i n i t i a t e d  s o  a s  t o  r e s u l t  i n , i o n  i m p l a n t a t i o n  o f  m e t a l  i o n s  f o r  
a p p r o x i m a t e l y  t h e  f i r s t  1 0 0  A o f  d e p o s i t .  Then s p u t t e r i n g  i s  
d i s c o n t i n u e d  and d e p o s i t i o n  c o n t i n u e s  r e s u l t i n g  from e l e c t r o n  
beam e v a p o r a t i o n .  Because o f  t h e  i n i t i a l  s p u t t e r  c l e a n i n g ,  t h i s  
p r o c e s s  i s  e x p e c t e d  t o  p roduce  a h i g h  p u r i t y  c e r m e t - p l a t i n g  
i n t e r f a c e .  A l s o ,  t h e  p r o c e s s  p roduces  h igh  p u r i t y  d e p o s i t i o n s  w i t h  
c l e a n ,  a c t i v e  s u r f a c e s .  

Bondin - -  I n i t i a l l y ,  d i f f u s i o n  bond ing  s t u d i e s  were  p e r -  

i n  a vacuum h o t  p r e s s .  The specimen chamber was e v a c u a t e d  t o  
m a i n t a i n  a p r e s s u r e  o f  Q t o r r  a t  bonding  t e m p e r a t u r e s .  A 
d i s a d v a n t a g e  o f  u n i a x i a l  l o a d i n g  i s  t h a t  mechan ica l  r e s t r a i n t ,  
b o t h  g e o m e t r i c a l  and f r i c t i o n a l ,  p roduce  p r e s s u r e  h i l l  e f f e c t s  and 
n o n - p l a s t i c  zones n e a r  t h e  f a y i n g  i n t e r f a c e  which a r e  known t o  
c a u s e  non-uni form bond ing .  I n  an e f f o r t  t o  minimize  t h e  e f f e c t  

forme aI+ y u n i a x i a l l y  l o a d i n g  p a i r s  o f  t u n g s t e n  c a r b i d e  cermets 
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of t h e s e  phenomena, most of  t h e  specimens were bonded a t  an 
average compressive s t r e s s  o f  1 0 0 , 0 0 0  p s i ,  which i s  an o r d e r  of 
magnitude g r e a t e r  than  t h e  flow s t r e s s  of  e i t h e r  n i c k e l  o r  
c o b a l t ,  i n  t h e  6 0 0 - 6 5 0 ° C  temperature  range .  A second problem wi th  
u n i a x i a l  bonding i s  t h a t  p r e s s u r e  g r a d i e n t s  can e a s i l y  develop 
t r a n s v e r s e  t o  t h e  loading  a x i s  un le s s  a l l  specimens a r e  a c c u r a t e l y  
a l igned  and s u r f a c e s  a r e  p a r a l l e l .  

A more s u r e  approach of  avoid ing  p r e s s u r e  g r a d i e n t s  i s  t o  
d i f f u s i o n  bond under i s o s t a t i c  p r e s s u r e .  I n  t h i s  s tudy  specimens 
were g a s - p r e s s u r e  bonded t o  eva lua te  t h i s  approach. Gas p r e s s u r e  
bonding g r e a t l y  s i m p l i f i e s  l oad ing ,  s i n c e  p a r t s  of  i r r e g u l a r  
shape can e a s i l y  be uniformly loaded s o  long as  t h e i r  f a y i n g  
s u r f a c e s  a r e  p a r a l l e l  and e x t e r n a l  s u r f a c e s  a r e  loaded wi th  a 
s u i t a b l e  p r e s s u r e  medium, Two g a s - p r e s s u r e  bonding experiments 
have been conducted a t  B a t t e l l e  Memorial I n s t i t u t e  , Columbus, 
Ohio, wi th  specimens prepared  by Sandia .  I n  t h e  f i r s t  experiment ,  
one group o f  specimens was bonded a t  600"C,  whereas t h e  o t h e r  was 
bonded a t  650°C.  A l l  specimens were i s o s t a t i c a l l y  bonded a t  a 
p r e s s u r e  o f  4 0 , 0 0 0  p s i  ( 2 7 5  MPa), The specimens were encapsula ted  
i n  a p r e s s u r e  medium of CS g r a p h i t e ,  which was canned i n  t h i n  
wal led ( 0 . 0 3 5  i n c h ) ,  304 s t a i n l e s s  s t e e l  tub ing .  The tubes  were 
s e a l e d  by e l e c t r o n  beam welding s t a i n l e s s  s t e e l  end c a p s 5 t o  the  
open end whi le  t h e  assembl ies  were under a vacuum o f  1 0 -  t o r r .  
P r i o r  t o  assembly, t h e  g r a p h i t e  and s t a i n l e s s  s t e e l  p a r t s  were 
vacuum outgassed  one-ha l f  hour a t  1 1 5 0 ° C .  

In  t h e  second exper iment ,  one run was made a t  3 0 , 0 0 0  p s i  
(206  MPa) and 650°C and a second run a t  4 0 , 0 0 0  p s i  ( 2 7 6  MPa) and 650°C.  
A core  b i t  was inc luded  i n  t h e  lower p r e s s u r e  run .  The canning 
procedures  were s i m i l a r  t o  those  used i n  t h e  f i r s t  exper iment ,  bu t  
0 . 0 6 5  i n  s t a i n l e s s  s t e e l  cans were used ,  

Resu l t s  o f  I n i t i a l  Bonding Emer iments  

Ob jec t ives  dur ing  t h i s  i n i t i a l  phase o f  t h e  S t r a t a p a x  bonding 
s tudy  were: 

(1) t o  determine t h e  f e a s i b i l i t y  o f  j o i n i n g  tungs t en  
ca rb ide  cermets by d i f f u s i o n  bonding 

( 2 )  t o  e v a l u a t e  m a t e r i a l s  and p rocesses  f o r  m e t a l l i z a t i o n  
o f  cermets i n  p r e p a r a t i o n  f o r  d i f f u s i o n  bonding, 

( 3 )  t o  e v a l u a t e  g a s - p r e s s u r e  bonding as  a p rocess  f o r  

(4) t o  bond a s e t  o f  S t r a t a p a x  t o  a f u l l  b i t  b l ank .  

d i f f u s i o n  bonding of cermets , and 

Most of  t h e  s tudy  employed tungs t en  c a r b i d e - c o b a l t  cermet 
b lanks  , which were m e t a l l i z e d ,  d i f f u s i o n  bonded, and then  shear  
t e s t e d  t o  f a i l u r e ,  One blank o f  each p a i r  had c o b a l t  en r i ched  
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s u r f a c e s  t o  s imula t e  cermet s t u d s  wi th  c o b a l t  en r i ched  s u r f a c e s ,  
whereas t h e  o t h e r  had t h e  normal non-enr iched  s u r f a c e  o f  t h e  
S t r a t a p a x .  The f i r s t  exper imenta l  r e s u l t s  a r e  summarized i n  
Table I .  The ADH s e r i e s  of specimens were a l l  bonded by u n i a x i a l  
l oad ing ,  whereas t h e  GPB s e r i e s  were gas - p r e s s u r e  bonded. 

Advanced Experiments 

Addi t iona l  exper imenta l  s t u d i e s  a r e  be ing  conducted t o  
develop techniques  f o r  bonding S t r a t a p a x  d i r e c t l y  t o  d r i l l  b o d i e s ,  
s tudy  t h e  cermet p l a t i n g  i n t e r f a c e s  and exp lo re  t h e  p r a c t i c a l i t y  
of  gas - p r e s s u r e  bonding a s  a product ion  p r o c e s s .  

D r i l l  b i t s  a r e  expected t o  u t i l i z e  S t r a t a p a x  c u t t e r s  i n  two 
ways: mounted on cermet s t u d s  and bonded d i r e c t l y  t o  d r i l l  
bod ie s .  Resu l t s  of r e c e n t  g a s - p r e s s u r e  bonding s t u d i e s  i n d i c a t e  
t h a t  S t r a t a p a x  c u t t e r s  can be bonded t o  cermet s t u d s  by techniques  
a l r eady  developed. However, d i r e c t  bonding t o  d r i l l  bodies  i n t r o -  
duces new problems invo lv ing  m a t e r i a l s ,  s i z e  and complexity i n  shape 
These problems sugges t  t h e  use  of powdered m a t e r i a l s  a s  p r e s s u r e  
t r a n s f e r  mediums ve r sus  t h e  commonly used machined i n s e r t s .  This 
technique  i s  be ing  s t u d i e d  i n  a s e r i e s  of  exper iments ,  t h e  f i r s t  
of which i s  desc r ibed  below. 

Experiments with Powdered P res su re  Trans fe r  Mediums 

A second s e r i e s  of  cermet specimens has been gas p r e s s u r e  
bonded a t  B a t t e l l e  Memorial I n s t i t u t e ,  Columbus, Ohio. The 
o b j e c t i v e s  o f  t h e s e  s t u d i e s  were t o  e v a l u a t e :  

(1) The dependence on bonding p r e s s u r e  ( 2 0 7  MPa vs 
2 7 6  MPa), 

( 2 )  The e f f e c t  of m e t a l l i z a t i o n  th i ckness  (60  pm 
n i c k e l  vs 2 5  p m  n i c k e l ) ,  

( 3 )  Gas-pressure t r a n s f e r  medium ( g r a p h i t e  granules  
and s p h e r i c a l  aluminum powders) ,  and 

(4) Encapsula t ion  techniques  f o r  co r ing  b i t s .  

Following bonding a t  650°C f o r  f o u r  h o u r s ,  t h e  encapsu la t ion  
cans were removed from the  au toc lave .  Visua l  i n s p e c t i o n  o f  bo th  
t h e  cans and t h e  specimens e x t r a c t e d  f r o m  t h e  cans i n d i c a t e d  t h a t  
s u f f i c i e n t  compaction of  t h e  p r e s s u r e  t r a n s f e r  medium had occur red ,  
w i th  t h e  p o s s i b l e  except ion  of  t h e  can con ta in ing  t h e  c o r i n g  b i t .  
To r ecove r  t h e  specimens,  t h e  g r a p h i t e  g ranu le s  were e a s i l y  poured 
from t h e  cans .  A s  expec ted ,  t h e  aluminum was f u l l y  d e n s i f i e d  and 
r e q u i r e d  d i s s o l u t i o n  i n  potassium hydroxide [20%)/water  s o l u t i o n .  

The bonding o f  t h e  S t r a t a p a x  c u t t e r s  t o  t h e  co r ing  b i t  was 
unsuccess fu l .  The welds were very i n t e r m i t t a n t  and t h e  S t r a t a p a x  
were e a s i l y  removed w i t h  moderate hammer blows. The f ay ing  
s u r f a c e s  d i d  not  appear t o  have been brought  i n t o  continuous 
i n t i m a t e  c o n t a c t .  The most probable  cause  of t h i s  f a i l u r e  i s  
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i n s u f f i c i e n t  compaction of t h e  p r e s s u r e  t r a n s f e r  medium ( g r a p h i t e  
g r a n u l e s ) .  The can c o l l a p s e d  r a d i a l l y ,  b u t  underwent very l i t t l e  
r e d u c t i o n  i n  t h e  a x i a l  d i r e c t i o n ,  presumably due t o  column s t r e n g t h .  
I n  s p i t e  of t h e  f a i l u r e  t o  ach ieve  good weld j o i n t s ,  s e v e r a l  design 
concepts  were proven i n  t h i s  experiment.  The can was designed t o  
p r e s s u r i z e  t h e  co r ing  b i t  bo th  i n t e r n a l l y  and e x t e r n a l l y  t o  mini-  
mize d i s t o r t i o n .  A l s o ,  molybdenum-stainless s t e e l  f i x t u r e s  which 
were designed t o  hold t h e  S t r a t a p a x  i n  p l a c e  dur ing  bonding 
appear t o  have func t ioned  w e l l  and were e a s i l y  removed. 

Approximately h a l f  o f  t h e  samples from t h e  r e c e n t  g a s - p r e s s u r e  
bonding experiment w i l l  have been s h e a r  t e s t e d  by J u l y  1 5 ,  1 9 7 7 .  
The s h e a r  t e s t  d a t a  a r e  summarized i n  Table 11. These d a t a  i n d i -  
c a t e  t h e  g r a p h i t e  granules  can be s u b s t i t u t e d  f o r  s o l i d  machined 
g r a p h i t e  a s  a p r e s s u r e  t r a n s f e r  medium. However, as  was demon- 
s t r a t e d  i n  t h e  case  of t h e  co r ing  b i t ,  t h e  use  of g r a p h i t e  granules  
r e q u i r e s  c a r e f u l  des ign  of t h e  assembly t o  produce f u l l  compaction 
of t h e  p r e s s u r e  t r a n s f e r  medium. A p r e s s u r e  t r a n s f e r  medium which 
i s  h igh ly  p l a s t i c  a t  bonding t empera tu res ,  such as  aluminum o r  
g l a s s ,  should accommodate a wider range of assembly des igns .  
Although i n  t h e  f i r s t  such experiment ,  h igh  s t r e n g t h  bonds were 
n o t  achieved i n  t h e  t h r e e  samples made wi th  aluminum as t h e  p r e s -  
s u r e  t r a n s f e r  medium, Fur the r  a n a l y s i s  of t h e s e  samples has  
been i n i t i a t e d  t o  determine t h e  cause of  t h e  low s t r e n g t h  f a i l u r e s .  

Decreasing t h e  bonding p r e s s u r e  only had a s l i g h t  e f f e c t  on 
s h e a r  s t r e n g t h .  I t  i s  a n t i c i p a t e d  t h a t  an i n c r e a s e  i n  bonding 
temperature  t o  9 7 3  K from 9 2 3  K w i l l  more than  o f f s e t  t h e  dec rease  
i n  bonding p r e s s u r e .  Autoclaves l a r g e  enough t o  accommodate most  
d r i l l  b i t s  r e s t r i c t  bonding p r e s s u r e s  t o  a maximum of 2 0 7  MPa. 

The s h e a r  s t r e n g t h s  show l i t t l e  dependence on p l a t i n g  t h i c k n e s s .  
The t h i c k e r  p l a t i n g  (60  urn) i s  expected t o  be more t o l e r a n t  t o  
s u r f a c e  waviness.  

Copper m a t r i x  cermet samples were inc luded  i n  t h i s  experiment 
f o r  t h e  f i r s t  t ime .  I n  a l l  c a s e s ,  t h e  s h e a r  t e s t  samples f a i l e d  
i n  t h e  copper m a t r i x  cermet r a t h e r  t han  i n  t h e  weld zone. 

The s t r e n g t h  of d i f f u s i o n  bonded cermet couples  has been 
l i m i t e d  by t h e  q u a l i t y  of t h e  c e r m e t - p l a t i n g  i n t e r f a c e ,  S tud ie s  
of t h e  i n t e r f a c e  by scanning e l e c t r o n  microscopy has  y i e l d e d  
s t r u c t u r a l  in format ion  about t h e  i n t e r f a c e  and m e t a l l i z a t i o n .  
These s t u d i e s  have been i n i t i a l l y  a p p l i e d  t o  e l e c t r o n  beam ion  
p l a t i n g  s i n c e  it has  y i e l d e d  t h e  h i g h e s t  s t r e n g t h  bonds. E f f e c t s  
of  p l a t i n g  v a r i a b l e s  such a s  r e a c t i v e  gasses  vs i n e r t  gasses  f o r  
s p u t t e r  c l e a n i n g ,  r . f .  vs d . c .  s p u t t e r i n g ,  and c o b a l t  vs n i c k e l  
a r e  be ing  eva lua ted .  Also ,  va r ious  s u b s t r a t e  cond i t ions  a r e  t o  
be s t u d i e d ,  i nc lud ing  t h e  e f f e c t  o f  c o b a l t  enrichment and 
m e t a l l i z i n g  d i r e c t l y  t o  ground cermet s u r f a c e s .  

p o t e n t i a l  f o r  producing h igh  s t r e n g t h  bonds,  t h e  p rocess  must 
Although e l e c t r o n  beam i o n  p l a t i n g  has demonstrated t h e  



be s c a l e d  up t o  complex commercial s i z e  b i t s .  Plans a r e  underway 
t o  c o n t r a c t  w i t h  two commercial s u p p l i e r s  t o  develop t h e  c a p a b i l i t y  
of m e t a l l i z a t i o n  by e l e c t r o n  beam i o n  p l a t i n g  on a l a r g e  s c a l e .  
This development w i l l  i n c l u d e  t h e  c a p a b i l i t y  of m e t a l l i z i n g  
complete b i t s  w i t h  complex geometr ies ,  A c o n t r a c t  i s  a l s o  be ing  
n e g o t i a t e d  t o  develop a s u p p l i e r  t o  p repa re  CVD n i c k e l  samples 
s i n c e  t h i s  technique  o f f e r s  s e v e r a l  advantages.  

Tes t  B i t  Design 

A program has been i n i t i a t e d  t o  develop a h igh  performance 
d r i l l  b i t  t o  f i e l d  t e s t  t h e  improved S t r a t a p a x  bond. 

The S t r a t a p a x  c u t t e r  i s  composed of  a c i r c u l a r  c a r b i d e  sub-  
s t r a t e  f aced  wi th  man-made diamonds i n  a l a y e r  . 0 2 0  inches  t h i c k .  
The S t r a t a p a x  a r e  manufactured i n  two s i z e s :  1 )  . 3 2  inch  d iameter  
and 2 )  . 5 2  inch  diameter .  The diamond s u r f a c e  i s  smooth, extremely 
h a r d ,  and has  been used commercially t o  machine ceramics ,  g r a p h i t e  
s t r u c t u r e  and s i m i l a r  a b r a s i v e  m a t e r i a l s .  

The manufac turer ,  General  E l e c t r i c  (G.E.) has a program t o  
e v a l u a t e  t h e  performance o f  t h e  S t r a t a p a x  i n  w e l l  d r i l l i n g .  G . E .  
has accumulated ex tens ive  d a t a  both  i n  t h e  l a b o r a t o r y  (Tulsa  
Un ive r s i ty )  and i n  d r i l l i n g  ope ra t ions  i n  va r ious  p a r t s  of t h e  
count ry .  

A program t o  supplement t h e  G . E .  d a t a  was e s t a b l i s h e d  i n  
S a n d i a ' s  model shop t o  determine t h e  e f f e c t  of rake  angle  on 
l i f e  and t h e  f o r c e s  involved i n  rock c u t t i n g .  An instrumented 
c u t t e r  b a r  was designed which would ho ld  t h e  S t r a t a p a x  s e c u r e l y  
a t  d i f f e r e n t  rake angles  and would y i e l d  t h r e e  a x i s  dynamic 

f o r c e  d a t a  i n  a v a r i e t y  of geo log ic  samples.  

t h e  King m i l l .  These t e s t  rocks were r o t a t e d  a t  speeds t h a t  
r e s u l t  i n  s u r f a c e  c u t t i n g  speeds o f  1 2 0 '  p e r  minute.  Cuts of 
va r ious  depths  and feeds  were made i n  S t .  Cloud Gray Granodior i te  
( 4 1 , 0 0 0  p s i  compressive s t r e n g t h ) ,  White S i e r r a  Gran i t e  ( 2 8 , 0 0 0  
p s i  compressive) ,  and Texas Pink Gran i t e  ( 2 3 , 0 0 0  p s i  compressive) .  
The hard rocks were used because they  g ive  a c c e l e r a t e d  wear and 
f a t i g u e  d a t a .  During t h e  i n i t i a l  t e s t s ,  which were performed 
us ing  t h e  c u t t e r s  w i t h  t h e  manufactured rake ang le  o f  5 "  n e g a t i v e ,  
a c u t t e r  f a i l e d  and t h e  c a r b i d e  s t u d  hold ing  t h e  c u t t e r  sheared .  
I n v e s t i g a t i o n  i n d i c a t e d  t h e  f a i l u r e  probably occurred  i n  s t a g e s ,  
t h a t  i s ,  t h e  diamond s u r f a c e  f a i l e d  causing t h e  c u t t i n g  f o r c e s  t o  
r i s e .  The h i g h e r  f o r c e s  then  caused t h e  mounting s t u d  t o  f a i l .  

I n  t h e  t e s t s ,  l a r g e  rock samples were mounted on t h e  t a b l e  of  

To pursue  t h i s  p o s s i b l e  problem, a s e r i e s  of t e s t s  were 
performed a t  shal low p e n e t r a t i o n  r a t e s  ( . 0 4 0  i n c h ) ,  The f a i l u r e  
of t h e  diamond s u r f a c e  was aga in  observed,  b u t  t h e  t e s t  was 
h a l t e d  b e f o r e  t h e  suppor t ing  s t u d  f a i l e d .  Analysis  o f  t h e  d a t a  
and i n s p e c t i o n  of t h e  damaged S t r a t a p a x  r e s u l t e d  i n  t h e  conclus ion  
t h a t  t h e  diamond f a c e  had f a i l e d  i n  shea r  due t o  high v e r t i c a l  
f o r c e s  on t h e  diamond s u r f a c e .  By i n c r e a s i n g  t h e  n e g a t i v e  rake 
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a n g l e ,  i t  was p o s s i b l e  t o  d e t e r m i n e  t h a t  i n  h a r d - s t r o n g  r o c k s  
r a k e  a n g l e s  l e s s  t h a n  2 0 "  o f t e n  r e s u l t  i n  c a t a s t r o p h i c  f a i l u r e  o f  
t h e  diamond and a t  a n g l e s  g r e a t e r  t h a n  20' t h e  diamond s u r f a c e  
and s u p p o r t i n g  c a r b i d e  s u b s t r a t e  were  i n s t e a d  s l o w l y  worn away, 
r e s u l t i n g  i n  a s e l f - s h a r p e n i n g  a c t i o n .  

The w e a r i n g  p r o c e s s  and  c u t t i n g  a c t i o n  r e s u l t s  i n  t h e  g e n e r a -  
t i o n  of h e a t  i n  t h e  c u t t i n g  e l emen t  and c a r b i d e  s t u d .  The h e a t  
g e n e r a t e d  i s  enough t o  s o f t e n  t h e  c u r r e n t  b r a z e  j o i n t  which h o l d s  
t h e  S t r a t a p a x  t o  t h e  mount ing  s t u d .  F i e l d  t e s t s  by G . E .  have  a l s o  
n o t e d  a t endency  f o r  t h e  d r i l l i n g  mud t o  e r o d e  t h e  b r a z e  j o i n t .  
The e f f o r t s  o f  t h i s  program a r e  d i r e c t e d  towards  improving  t h e  
s t r e n g t h  and  t e m p e r a t u r e  c a p a b i l i t y  o f  t h e  j o i n t .  

A second  s e r i e s  o f  t e s t s  i n  s a n d s t o n e  ( 6 , 0 0 0  p s i  compress ive )  
and l i m e s t o n e  ( 8 , 0 0 0  p s i  compress ive )  were pe r fo rmed .  These s o f t  
r o c k s  d i d  n o t  have s u f f i c i e n t  s t r e n g t h  t o  f r a c t u r e  t h e  diamond 
f a c e  o r  n o t i c e a b l y  wear t h e  S t r a t a p a x  i n  t h e  t e s t  s e t u p .  O t h e r  
r o c k  samples  of d o l o m i t e s ,  s h a l e s ,  e t c . ,  w i l l  b e  o b t a i n e d  t o  
i n c r e a s e  t h e  knowledge o f  S t r a t a p a x  c u t t i n g  c h a r a c t e r i s t i c s  i n  
s e d i m e n t a r y  r o c k s  a s  funds  a r e  a v a i l a b l e .  A r e p o r t  c o v e r i n g  t h e s e  
s t u d i e s  w i l l  b e  i s s u e d .  

I n  p a r a l l e l  w i t h  t h e  p h y s i c a l  t e s t i n g  o f  t h e  S t r a t a p a x ,  a 
d e s i g n  program was i n i t i a t e d  t o  a d a p t  t h e  S t r a t a p a x  t o  a f i e l d  
t e s t  d r i l l  b i t .  Two d e s i g n s  a re  b e i n g  i n v e s t i g a t e d :  A S t r a t a p a x  
r o l l e r - c o n e  h y b r i d  and an a l l - S t r a t a p a x  b i t ,  These d e s i g n s  have 
been  comple t ed .  During t h e  i n i t i a l  l a y o u t  o f  t h e  d r i l l  b i t s ,  i t  
became e v i d e n t  t h a t  t h e  d r a f t i n g  p r o c e d u r e s  u s e d  t o  p o s i t i o n  t h e  
S t r a t a p a x  c u t t e r s  t o  g i v e  f u l l  bo t tomhole  cove rage  and e q u a l  
c u t t e r  l o a d i n g  w a s  a t  b e s t  an e s t i m a t e .  The t ime i n v o l v e d  was 
e x t e n s i v e  and  t h e  d e s i g n  r e q u i r e d  e v a l u a t i o n  of  each  c u t t e r ' s  
l o a d i n g  w i t h  drawing  l a y o u t s ,  d i g i t i z e r s  o r  p l a n i m e t e r s .  

To minimize t h e  e f f o r t  r e q u i r e d  and i n c r e a s e  t h e  d e s i g n  
a c c u r a c y ,  D r .  K .  W .  Chase ,  Brigham Young U n i v e r s i t y ,  w a s  a s s i g n e d  
t h e  t a s k  o f  d e v e l o p i n g  a computer program t o  c a l c u l a t e  t h e  c u t t i n g  
area,  volume removed, wear s u r f a c e ,  and  r a d i i  t o  g i v e  e q u a l  
volume o r  wear s u r f a c e  p e r  c u t t e r  p e r  r e v o l u t i o n  o f  t h e  d r i l l  b i t .  

t h e  
d r i  

The r e s u l t i n g  g r a p h i c s  program w i l l  o p t i m i z e  t h e  l o c a t i o n  o f  
i n d i v i d u a l  c u t t e r s .  The i n i t i a l  program was a p p l i e d  t o  t h e  

11 b i t  d e s i g n s  and q u i c k l y  c a l c u l a t e d  t h e  p o s i t i o n s  o f  t h e  
i n d i v i d u a l  c u t t e r s  u s i n g  a c r i t e r i a  o f  e q u a l  volume removed p e r  
c u t t e r .  With f u r t h e r  e f f o r t  t h e  program can  be  g e n e r a l i z e d  t o  
e v a l u a t e  and o p t i m i z e  o t h e r  d r i l l  b i t  d e s i g n s  f o r  t h e  i n d u s t r y .  
Th i s  program can  a l s o  be  expanded t o  e v a l u a t e  t h e  e f f e c t  of c u t t e r  
wear, r a k e  and c a n t  a n g l e s  and t o r q u e  on t h e  d r i l l  b i t .  

One o f  t h e  most  s i g n i f i c a n t  problems r e m a i n i n g  i n  S t r a t a p a x  
b i t  t e c h n o l o g y  i s  b i t  h y d r a u l i c s ,  While  t h i s  problem i s  n o t  un ique  
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t o  S t r a t a p a x  d e s i g n s ,  t h e  f l u i d  f low r e q u i r e d  i n  c l e a n i n g  t h e  
b i t  and h o l e  bot tom a r e  more s t r i n g e n t  i n  S t r a t a p a x  b i t s .  
b i t  c l e a n i n g  has  a p p a r e n t l y  been  a problem i n  v i r t u a l l y  e v e r y  
S t r a t a p a x  b i t  t e s t e d  t o  d a t e .  Sand ia  w i l l  devo te  c o n s i d e r a b l e  
e f f o r t  t o  t h i s  problem i n  o u r  f i e l d  t e s t  b i t  d e s i g n s .  
b e i n g  made t o  e n t e r  i n t o  c o o p e r a t i v e  v e n t u r e s  w i t h  s e v e r a l  b i t  
companies t o  b u i l d  t h e  t e s t  b i t s ,  These b i t s  w i l l  be  manufac tured  
and t e s t e d  a s  f u n d i n g  and s c h e d u l i n g  p e r m i t s .  

Poor  

P l a n s  a re  

Sl im-Hole Coring B i t  

I n  o r d e r  t o  o b t a i n  f i e l d  t e s t  d a t a  a t  minimum c o s t ,  a c o r i n g  
b i t  d e s i g n  concep t  w a s  conce ived  which would i n c o r p o r a t e  t h e  
emerging t echno logy  of t h e  S t r a t a p a x  cu t t e r s  w i t h  t h e  c o n v e n t i o n a l  
t echno logy  o f  a diamond c o r e  b i t .  The s i z e  s e l e c t e d  was a "NQ" 
b i t  s i z e  ( 2 . 9 8 "  OD x 1.875" I D ) .  
American Co ldse t  C o r p o r a t i o n  and t h e y  j o i n e d  S a n d i a  i n  a n o - c o s t ,  
c o o p e r a t i v e  b i t  development  program. 

The concep t  was p r e s e n t e d  t o  

Three p r o t o t y p e  c o r e  b i t s  were made w i t h  American C o l d s e t  
Corpora t ion  (ACC) who b u i l t  t h e  b i t  b l a n k  w i t h  diamond p a d s .  
Sand ia  pu rchased  t h e  S t r a t a p a x  and mounted them on the  f i r s t  b i t  
u s i n g  c o n v e n t i o n a l  b r a z i n g  t e c h n i q u e s .  The b i t  was t h e n  t e s t e d  
on September 25, 1 9 7 6 .  The r e s u l t s  are shown i n  Tab le  111. I n  
mounting t h e  S t r a t a p a x  t o  t h e  b i t ,  one o f  t h e  b r a z e  bonds w a s  
v i s i b l y  d e f e c t i v e .  I t  f a i l e d  w h i l e  d r i l l i n g  a long  w i t h  a n o t h e r  
b r a z e  t h a t  was p r o b a b l y  d e f e c t i v e ,  b u t  n e i t h e r  f a i l u r e  was 
d e t e c t e d  on t h e  d r i l l i n g  r e c o r d s .  The b i t  c o n t i n u e d  t o  d r i l l  
u n t i l  d r i l l i n g  l o c a t i o n  had t o  be  changed on t h e  S i e r r a  White 
G r a n i t e  spec imen.  The b i t  and t h e  S t r a t a p a x  were n o t  damaged a s  
a r e s u l t  o f  t h e  l o s s .  A c o n v e n t i o n a l  diamond c o r i n g  b i t  was r u n  
i n  t h i s  rock  a s  a comparison s t a n d a r d .  P e n e t r a t i o n  r a t e s  a s  h i g h  
a s  30 f t / h r  were n o t e d  a t  t h e  s t a r t ,  b u t  w i t h i n  70  i n c h e s  of 
d r i l l i n g  i n  t h i s  rock  t h e  r a t e  o f  t he  c o n v e n t i o n a l  b i t  d e c r e a s e d  
t o  3 f t / h r  and t h e  b i t  was v i s i b l y  worn,  
d r i l l e d  approx ima te ly  2 4  i n c h e s  w i t h  no a p p a r e n t  wear .  

A second b i t  was i n c l u d e d  i n  t h e  l a s t  bonding  expe r imen t .  
The bonding  was n o t  s u c c e s s f u l  due t o  canning  problems b u t  t h e  
b i t  dimensions remained s t a b l e .  The b i t  w i l l  be  r e m e t a l l i z e d  
and bonded i n  a l a t e r  expe r imen t .  

The Sandia-ACC d e s i g n  

HIGH TEMPERATURE MUD INSTRUMENTATION 

The g o a l  of t h i s  p r o j e c t  i s  t o  deve lop  f i e l d  t e s t  equipment 
f o r  d r i l l i n g  muds t h a t  w i l l  s i m u l a t e  t h e  h i g h  t e m p e r a t u r e s  and 
p r e s s u r e s  found i n  deep w e l l s .  T h i s  t e c h n o l o g y  i s  needed  t o  
a l l o w  d e t e r m i n a t i o n  o f  mud per formance  a t  d e p t h  a t  t h e  w e l l  s i t e  
w h i l e  d r i l l i n g .  P r e s e n t l y ,  t h i s  i n f o r m a t i o n  i s  u n a v a i l a b l e  a t  
t h e  w e l l  s i t e  and o v e r t r e a t m e n t  w i t h  chemica l s  i s  p r a c t i c e d  t o  
reduce  t h e  mud problems e x p e r i e n c e d .  T h i s  p r o c e d u r e  i s  c o s t l y  and 
does n o t  a s s u r e  e l i m i n a t i o n  o f  t h e  problem.  The p r o j e c t  i s  
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d iv ided  i n t o  t h r e e  p a r t s  - -  modi f i ca t ion  of  e x i s t i n g  equipment, 
new equipment des ign  where mod i f i ca t ions  a r e  no t  f e a s i b l e ,  and 
de te rmina t ion  of t h e  h igh  t empera tu re -p res su re  mud c h a r a c t e r i s t i c s  
t h a t  need t o  be cons idered .  This l a t t e r  e f f o r t  w i l l  be conducted 
by c o n s u l t a t i o n  wi th  i n d u s t r y  p l u s  l a b o r a t o r y  i n v e s t i g a t i o n s  a t  
Sandia  and Maurer Engineer ing Inc .  (MEI), s u b - c o n t r a c t o r  on t h i s  
program. 

The mod i f i ca t ion  of e x i s t i n g  equipment i s  be ing  conducted 
a t  M E I .  The i r  e f f o r t s  i nvo lve  developing a h igh  temperature  
f i l t e r a t i o n  t e s t  and mod i f i ca t ion  o f  t h e  Fann 5OC l a b o r a t o r y  
v i s  cometer f o r  f i e l d  p o r t  a b l e  use . 

F i l t e r  papers  used i n  p r e s e n t  t e s t s  char  w e l l  below t h e  
d e s i r e d  500'F i n  t h e  mud f i l t r a t i o n  t e s t s ,  ME1 has been t e s t i n g  
o t h e r  porous media t h a t  w i l l  g ive  r e p e a t a b l e  r e s u l t s .  Seve ra l  
m a t e r i a l s  have been i d e n t i f i e d  t h a t  perform w e l l  up t o  t h e  d e s i r e d  
tempera tures .  These m a t e r i a l s  i n c l u d e  me ta l  f e l t s ,  sand wi th  a 
p l a s t i c  b inde r  and h igh  temperature  c l o t h s .  

A f t e r  t h e  b e s t  cand ida te  m a t e r i a l  i s  s e l e c t e d ,  a t e s t  
s t a n d a r d  w i l l  be prepared  and submi t ted  t o  t h e  A P I  f o r  i n c l u s i o n  
a s  a s t a n d a r d  f i l t e r a t i o n  t e s t .  

The Fann 50C i s  a l a b o r a t o r y  viscometer  capable  of t e s t i n g  t h e  
v i s c o s i t y  o f  muds a t  temperature  and p r e s s u r e .  The t e s t  c e l l  
from t h i s  device  i s  be ing  used i n  development o f  a f i e l d  p o r t a b l e  
viscometer  capable  of determining v i s c o s i t i e s  of mud up t o  550°F 
and 1 , 5 0 0  p s i .  

Sandia  i s  des igning  a viscometer  capable  of  determining t h e  
v i s c o s i t y  of  d r i l l i n g  muds up t o  550'F and 2 0 , 0 0 0  p s i .  This 
device  w i l l  be f u l l y  f i e l d  p o r t a b l e .  The device  i s  a r o t a t i n g  
v iscometer .  d r i v e n  by a magnetic t o rque  coupler .  V i s c o s i t y  can be 
measured through t h e  f u l l  range of  shea r  r a t e  w i t h  a v a r i a b l e  speed 
motor. The des ign  i s  s imple and al lows f o r  easy maintenance. 

H I G H  TEMPERATURE MATERIALS 

This p r o j e c t  i s  designed t o  improve t h e  s e r v i c e  l i f e  of 
commercially a v a i l a b l e  m a t e r i a l s .  The program i s  c u r r e n t l y  
d iv ided  i n t o  environmental ly  r e s i s t a n t  e las tomer  and c o r r o s i o n -  
f a t i g u e  r e s i s t a n t  s t e e l  i n v e s t i g a t i o n s  wi th  each program desc r ibed  
below. I t  should  be noted  t h a t  n e i t h e r  p r o j e c t  has  t h e  goa l  o f  
developing an e n t i r e l y  new m a t e r i a l  b u t  r a t h e r  t o  upgrade t h e  
s e r v i c e  c a p a b i l i t i e s  o f  e x i s t i n g  commercial m a t e r i a l s .  Experiments 
a r e  p r e s e n t l y  underway and because o f  t h e  extended environmental  
exposure time r e q u i r e d  f o r  each t e s t ,  d e f i n i t i v e  r e s u l t s  on some of 
t h e  t e s t s  a r e  not  a v a i l a b l e  a t  t h i s  t i m e .  

Environment a1  l y  Res i s  t a n t  E l  as  t ome rs 

Elastomers  a r e  widely used i n  d r i l l i n g  and product ion  equip-  
ment, and many of t h e  commercially a v a i l a b l e  e las tomers  f a i l  under 
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t h e  seve re  environmental  cond i t ions  t h a t  p r e v a i l  i n  deep o i l  and 
gas w e l l s .  There i s ,  t h e r e f o r e ,  a need f o r  e las tomers  which w i l l  
su rv ive  a t  e l e v a t e d  temperatures  i n  t h e  presence  o f  s o u r - g a s ,  
s team, d r i l l i n g  mud, and o i l  o r  any combination of  t h e s e  c o n d i t i o n s .  
Although -’ Kalrez a pe r f luo roe la s tomer  developed by DuPont has  shown 
e x c e l l e n t  promise because o f  i t s  ou t s t and ing  chemical and thermal  
r e s i s t a n c e ,  t h i s  m a t e r i a l  has  found only l i m i t e d  a p p l i c a t i o n  
because of i t s  h igh  c o s t .  The goa l  of t h i s  program i s  t o  overcome 
t h i s  c o s t  problem by enhancing the  chemical r e s i s t a n c e  of l e s s  
expensive e las tomers .  Enhanced chemical r e s i s t a n c e  can be 
r e a l i z e d  by plasma polymer iza t ion  i n  which a very t h i n  l a y e r  of 
an impervious f i l m  i s  depos i t ed  on t h e  rubber  s u r f a c e  o r  by 
adding s t a b i l i z i n g  compounds t o  t h e  e l a s tomers .  Improved chemical 
r e s i s t a n c e  can be  accomplished e i t h e r  by apply ing  an i n e r t  c o a t i n g  
t o  t h e  e las tomer  o r  by modifying t h e  s u r f a c e  o f  t h e  e las tomer  i n  
such a way a s  t o  enhance i t s  s t a b i l i t y .  

Plasma depos i t ed  f i l m s  a r e  noted  f o r  t h e i r  chemical i n e r t -  
n e s s ,  and s t r o n g  adhesion t o  t h e  s u b s t r a t e  i f  t h e  f i l m  i s  s u f f i -  
c i e n t l y  t h i n .  Such f i l m s  a r e  g e n e r a l l y  h i g h l y  c r o s s l i n k e d  and 
t h e r e f o r e  should e x h i b i t  reduced p e r m e a b i l i t y  t o  gases .  Plasma 
polymer iza t ions  w i l l  be  c a r r i e d  ou t  i n  an i n d u c t i v e l y  coupled RF 
glow d i scha rge  appa ra tus .  Although Teflon and Pary lene  c o a t i n g s  
have been used t o  environmental ly  p r o t e c t  meta ls  and e l e c t r o n i c  
c i r c u i t r y  f o r  some t i m e , t h e s e  c o a t i n g s  have never  been used t o  
p r o t e c t  e l a s tomers .  The C-F bond i s  one of t h e  s t r o n g e s t  chemical 
bonds and accounts  f o r  t h e  h igh  s t a b i l i t y  of such polymers as  
Teflon and Kalrez.  I n  theory  t h e n ,  enhanced s t a b i l i t y  could be 
achieved by f l u o r i n a t i n g  t h e  s u r f a c e  o f  polymers such a s  Viton o r  
E P R ,  whereby C - H  bonds a r e  converted t o  C-F bonds. The primary 
purpose o f  t h i s  p a r t  o f  t h e  s tudy  i s  t o  determine t h e  f e a s i b i l i t y  
of t h e s e  two approaches toward s t a b i l i t y  enhancement. C u r r e n t l y ,  
t h e  rubber  i n d u s t r y  i s  n o t  a c t i v e  i n  t h i s  a r e a .  Although t h i s  
technique i s  developmental i n  n a t u r e ,  i t  has  been used s u c c e s s f u l l y  
i n  a number o f  o t h e r  a p p l i c a t i o n s  a t  Sandia .  

To d a t e ,  i t  has been found t h a t  Tef lon  coa ted  Vitons were 
s l i g h t l y  more r e s i s t a n t  t o  a t t a c k  by sour  gas a t  200°C than  uncoated 
Viton specimens.  That only marginal  enhancement of s t a b i l i t y  was 
achieved was a t t r i b u t e d  t o  t h e  f a c t  t h a t  t h e  cond i t ions  and 
appara tus  f o r  making h igh  molecular  we igh t ,  c r o s s l i n k e d  Teflon v i a  
plasma polymer iza t ion  were no t  optimum. The RF glow d i scha rge  
appara tus  i s  be ing  modif ied i n  an e f f o r t  t o  overcome t h i s  problem. 
Success was exper ienced  however, i n  c o a t i n g  Vi ton ,  EPR and o t h e r  
e las tomers  wi th  a tough,  h igh  q u a l i t y  f i l m  of Parylene C (poly 
( ch lo ro -p -xy ly lene ) )  . Tes t s  t o  e v a l u a t e  t h e  e f f e c t i v e n e s s  of t h i s  
coa t ing  a s  a b a r r i e r  f o r  sou r  gas a r e  i n  p r o g r e s s .  I n i t i a l  
e f f o r t s  t o  f l u o r i n a t e  Viton us ing  C 2 F 6  i n  an e l e c t r i c a l  d i scha rge  
l o o k  promising.  Q u a l i t a t i v e  obse rva t ions  sugges t  such t h a t  
enhanced r e s i s t a n c e  t o  sour  gas was r e a l i z e d .  T e s t s  t o  q u a n t i -  
t a t i v e l y  confirm t h e s e  f i n d i n g s  a r e  underway. 
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I n  t h e  c o a t i n g  t e s t s ,  samples o f  Buena N ,  Vi ton and Kalrez 
a r e  coa ted  and t h e  e f f i c i e n c y  of  t h e s e  c o a t i n g s  i s  eva lua ted  a s  
fo l lows  : 1 )  dynamic mechanical p r o p e r t i e s  , i .  e .  , s h e a r  modulus, 
o f  b o t h  t h e  coa ted  and uncoated rubber  specimens w i l l  be determined 
b e f o r e  and a f t e r  exposure t o  s o u r  gas a t  e l e v a t e d  t empera tu res ;  
and 2)  s t r e s s  r e l a x a t i o n  experiments w i l l  be performed under t h e  
same c o n d i t i o n s .  I f  improved s t a b i l i t y  i s  observed i n  t h e s e  
t e s t s ,  t h e  samples a r e  exposed t o  an environment which approxi -  
mates t h a t  encountered i n  a deep o i l  w e l l ,  i . e . ,  t h e  e f f e c t  of  
h igh  p r e s s u r e s ,  steam and d r i l l i n g  muds w i l l  be determined. 

Another approach t o  enhancing t h e  r e s i s t a n c e  of  e las tomers  t o  
a sou r  gas/s team environment i s  t o  i n c o r p o r a t e  a d d i t i v e s  t h a t  
a r e  r e a c t i v e  toward t h e s e  chemicals .  The a d d i t i v e s  we propose 
t o  e v a l u a t e  w i l l  b e  polymeric i n  n a t u r e  s o  a s  t o  minimize t h e i r  
l o s s  due t o  v o l a t i l i z a t i o n .  The t e s t  methods employed w i l l  be 
s imilar  t o  t h o s e  desc r ibed  above. New fo rmula t ions  w i l l  be made 
from both Viton and Kalrez gumstocks. 

A Has t e l loy  C Autoclave has been ordered  s o  as  t o  be a b l e  t o  
e v a l u a t e  e las tomers  under c o n d i t i o n s  t h a t  approximate those  found 
i n  a deep o i l  w e l l .  I n  a d d i t i o n ,  a microrubber  m i l l  was o rde red .  
This m i l l  w i l l  be used t o  i n c o r p o r a t e  s t a b i l i z i n g  a d d i t i v e s  i n  
such rubber  r e s i n s  a s  Kal rez ,  Viton and E P R .  

Corros ion-Fat igue  R e s i s t a n t  S t e e l s  

Fa t igue  f a i l u r e  of  d r i l l  stem i s  a problem t h a t  has plagued 
t h e  d r i l l i n g  i n d u s t r y  f o r  decades ,  The o b j e c t  o f  t h i s  program i s  
t o  determine whether t h i s  type o f  f a i l u r e  can be minimized by 
c l o s e r  c o n t r o l  of d r i l l  stem manufactur ing procedures .  

stem a r e  w r i t t e n  p r i m a r i l y  i n  terms of mechanical p r o p e r t i e s  and 
say  very  l i t t l e  about manufactur ing p r o c e s s e s .  A s  a r e s u l t ,  mos t  
grades of  d r i l l  stem can be  and a r e  processed  i n  a v a r i e t y  of 
ways. L i t t l e  i s  known about t h e  e f f e c t s  of t h e s e  p rocess ing  
v a r i a b l e s  on f a t i g u e  behavior .  I t  i s  w e l l  known t h a t  p rocess ing  
v a r i a b l e s  can s i g n i f i c a n t l y  i n f l u e n c e  p r o p e r t i e s  such a s  toughness 
and environmental  embr i t t l ement  wear when l e s s  s e n s i t i v e  v a r i a b l e s  
such a s  hardness  a r e  unchanged. This program w i l l  determine t o  
what e x t e n t  t h e  method of  h e a t  t r ea tmen t  i n f l u e n c e s  f a t i g u e  
behavior  i n  d r i l l  stem m a t e r i a l s .  S p e c i a l  a t t e n t i o n  w i l l  be given 
t o  f a t i g u e  i n  H 2 S  con ta in ing  environments because of  t h e  i n c r e a s e d  
s e v e r i t y  o f  t h e  problem i n  s o u r  gas h o l e s .  

The American Petroleum I n s t i t u t e  s p e c i f i c a t i o n s  f o r  d r i l l  

The m a t e r i a l  s e l e c t e d  f o r  i n i t i a l  s tudy  i s  4 1 4 0  s t e e l .  This 
m a t e r i a l  was s e l e c t e d  because i t  i s  s i m i l a r  t o  d r i l l  stem s t e e l s  
and because y i e l d  s t r e n g t h  l e v e l s  corresponding t o  t hose  of  
i n t e r m e d i a t e  s t r e n g t h  d r i l l  stem s t e e l s  can be e a s i l y  ob ta ined  by 
two widely d i f f e r e n t  h e a t  t r e a t m e n t s :  normal iz ing  and quenching 
and tempering. I n i t i a l  experiments focused on determining t h e  
d e t a i l s  of t h e  h e a t  t r ea tmen t s  r e q u i r e d  t o  g ive  t h e  d e s i r e d  
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s t r e n g t h s .  I t  was found t h a t  a y i e l d  s t r e n g t h  o f  96 k s i  (662  MPa) 
could be ob ta ined  by no rma l i za t ion  ( r e l a t i v e l y  slow coo l ing  from 
1600°F) o r  by water  quenching from 1550°F followed by tempering 
a t  1200 'F  f o r  24 hours .  Fa t igue  specimen blanks were given t h e s e  
h e a t  t r ea tmen t s  and machined i n t o  compact t e n s i o n  type  specimens. 
The f i r s t  s e t  o f  f a t i g u e  t e s t s  were run  i n  a i r  on a c losed  loop 
t e s t i n g  machine. The load  ampli tude was measured by an e l e c t r i c  
load  c e l l  and crack  l e n g t h  was determined by comparing t h e  
compliance of t h e  specimen w i t h  t h o s e  of  s t a n d a r d  specimens of 
known crack  l e n g t h s .  Resu l t s  show t h a t  f a t i g u e  behavior  i n  a i r  
was no t  i n f luenced  by t h e  d i f f e r e n c e  i n  h e a t  t r e a t m e n t .  S i m i l a r  
r e s u l t s  were found when t h e  t e s t  samples were s u b j e c t  t o  a b r i n e  
environment. 
through t h e  more seve re  s imula t ed  downhole environments ,  p a r t i -  
c u l a r l y  those  con ta in ing  H2S. These t e s t s  w i l l  be conducted i n  
August of 1 9 7 7 .  

I t  i s  n o t  - expected t h a t  t h i s  t r e n d  w i l l  fo l low 

DOWNHOLE INFORMATION WHILE D R I L L I N G  

This phase of t h e  D r i l l i n g  Technology Program was budgeted 
i n  FY-76 t o  determine a r e a s  where Sandia  could a s s i s t  i n  develop- 
ment of  downhole sens ing  and t e l eme t ry  system development. 
Seve ra l  a r e a s  were i d e n t i f i e d  b u t  t h e  most promising i s  a program 
suggested by Mobil Research and Development Corporat ion.  This  l e d  
t o  a j o i n t  p roposa l  between Sandia and Mobil submi t ted  t o  DOGST/ 
ERDA which i s  d e s c r i b e d  below. E f f o r t  i n  F Y - 7 7  has  been l i m i t e d  
t o  f a m i l i a r i z a t i o n ,  coord ina t ion  w i t h  Mobil and program p lann ing  
by personnel  t h a t  w i l l  be involved  i n  t h e  p r o j e c t .  

The o b j e c t i v e  of t h i s  p r o j e c t  i s  t o  conduct r e s e a r c h  on 
a c t u a l  d r i l l i n g  w e l l s  t o  develop knowledge about t h e  d r i l l i n g  
p rocess  s o  t h a t  one can a c c u r a t e l y  e s t i m a t e  t h e  d i f f e r e n c e  between 
t h e  format ion  and mud column p r e s s u r e ,  c a l l e d  d i f f e r e n t i a l  p r e s -  
su re  ( A P ) .  This work i s  p r e s e n t l y  i n  t h e  proposa l  s t a g e ,  b u t  Mobil 
has a c t i v e l y  pursued t h e  p r o j e c t  independent ly  f o r  s e v e r a l  y e a r s .  
The techniques  and knowledge gained from t h i s  work w i l l  r e s u l t  
i n  more economical [higher  r a t e  of p e n e t r a t i o n ) ,  and s a f e r  (improved 
knowledge o f  p r e s s u r e s ,  e s p e c i a l l y  i n  geopressured zones) d r i l l i n g  
i n  o f f s h o r e  and o t h e r  f r o n t i e r  a r e a s .  I n  a d d i t i o n ,  t h e r e  w i l l  be 
fewer bypassed hydrocarbon formations and h i g h e r  w e l l  p roduc t ion  
r a t e s  r e s u l t i n g  from decreased  format ion  damage by t h e  d r i l l i n g  
f l u i d s .  Lost w e l l s ,  and w e l l  d i s a s t e r s  and d e l a y s ,  w i l l  be 
reduced s i n c e  geopressured zones w i l l  be d e t e c t e d  be fo re  they  
c r e a t e  d i f f i c u l t i e s  i n  d r i l l i n g .  

The pr imary goa l  of t h i s  program i s  t o  develop a technique  
capable  of p r e d i c t i n g  d r i l l i n g  d i f f e r e n t i a l  p r e s s u r e s  (AP = 

) t o  w i t h i n  a s t anda rd  d e v i a t i o n  o f  1 0 0  p s i  i n  r e a l  'mud - 'pore 
t i m e  w h i l e  d r i l l i n g .  I t  i s  known t h a t  AP s t r o n g l y  i n f l u e n c e s  t h e  
d r i l l i n g  r a t e  o f  p e n e t r a t i o n  and s a f e t y  a spec t s  o f  t h e  d r i l l i n g  
o p e r a t i o n ,  e s p e c i a l l y  i n  o f f s h o r e  a r e a s  where economy and s a f e t y  
a r e  of  utmost importance.  I t  i s  h i g h l y  d e s i r a b l e  t o  d r i l l  w i th  
a minimum AP [lower AP r e s u l t s  i n  h i g h e r  r a t e  of p e n e t r a t i o n  and 
reduced format ion  damage) c o n s i s t e n t  wi th  t h e  mud p r e s s u r e  
r e q u i r e d  t o  main ta in  adequate  c o n t r o l  of format ion  f l u i d s  
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( e s p e c i a l l y  i n  dangerous o f f s h o r e  and ove r -p res su red  zones) . 
Thus, t h e  o b j e c t i v e  of  t h e  p r o j e c t  i s  t o  develop a technique t h a t  
can be used t o  very  a c c u r a t e l y  determine AP i n  r e a l  time whi le  
d r i l l i n g  s o  t h a t  i t  can be c o n t r o l l e d  c l o s e l y  a t  t he  va lue  
deemed necessa ry  t o  d r i l l  a t  t h e  most economical r a t e  while  
main ta in ing  c o n t r o l  of  t h e  w e l l .  Mobil b e l i e v e s  t h a t  c u r r e n t  
AP e s t i m a t i o n  techniques  supply AP t o  an e r r o r  s t a n d a r d  d e v i a t i o n  
of 500 t o  1 0 0 0  p s i  when d r i l l i n g  a t  1 0 , 0 0 0  f e e t  i n  a known forma- 
t i o n .  

Formation p r o p e r t i e s  c o n s t i t u t e  a s e t  of independent v a r i a b l e s  
which, a long w i t h  d r i l l i n g  c o n t r o l  v a r i a b l e s ,  determine t h e  va lues  
of  dependent d r i l l i n g  v a r i a b l e s .  The format ion  p r o p e r t i e s  can be 
c l a s s e d  as  l i t h o l o g y ,  p o r o s i t y ,  f l u i d  c o n t e n t ,  pore  p r e s s u r e ,  
and tempera ture .  These p r o p e r t i e s  a r e  independent v a r i a b l e s  i n  
d r i l l i n g  equa t ions  a s  they  a r e  beyond c o n t r o l  whi le  d r i l l i n g .  
The d r i l l i n g  c o n t r o l  v a r i a b l e s  i n c l u d e  b i t  type and c o n d i t i o n ,  
r o t a r y  speed ,  weight on b i t ,  d r i l l i n g  mud weight  and o t h e r  prop-  
e r t i e s ,  and f l u i d  system p r e s s u r e s  along wi th  va r ious  secondary 
equipment e f f e c t s .  The dependent v a r i a b l e s  a r e  r a t e  o f  p e n e t r a -  
t i o n ,  r o t a r y  t o r q u e ,  and d r i l l  s t r i n g  v i b r a t i o n s  wi th  secondary 
p r o p e r t i e s  such a s  h o l e  d i ame te r ,  h o l e  s t r a i g h t n e s s  and ch ip  s i z e .  

equat ions  which r e l a t e  t h e  dependent v a r i a b l e s  t o  t h e  independent 
and c o n t r o l  v a r i a b l e s .  D r i l l i n g  d i f f e r e n t i a l  p r e s s u r e ,  A P ,  i s  a 
combination f o r m a t i o n - d r i l l i n g  c o n t r o l  v a r i a b l e  t h a t  can be 
c a l c u l a t e d  from t h e s e  d r i l l i n g  equat ions  i f  t h e  o t h e r  v a r i a b l e s  
and parameters  i n  t h e  equa t ion  a r e  d e t e r m i n i s t i c .  

S ince  t h e  i n c e p t i o n  of t h e  program i n  Janua ry ,  1 9 7 5 ,  Mobil 
has developed a AP e s t i m a t i o n  scheme as f a r  a s  p o s s i b l e  w i t h  
c u r r e n t l y  a v a i l a b l e  d a t a .  Add i t iona l  f i e l d  d a t a  must be c o l l e c t e d  
wi th  i n s t r u m e n t a t i o n  s u p e r i o r  t o  t h a t  p r e s e n t l y  i n  use .  Because 
of the  complexity of t h e  f i e l d  in s t rumen ta t ion  problem, Sandia  
has been asked t o  j o i n  t h e  p r o j e c t .  

Mobil b e l i e v e s  t h a t  t h i s  technique w i l l  be o f  s i g n i f i c a n t  a i d  
t o  t h e  e n t i r e  o i l  and gas  i n d u s t r y  i n  t h e  a r e a s  of d r i l l i n g  
economics and s a f e t y .  Furthermore,  i t  i s  d e s i r a b l e  f o r  t h e  proven 
technique  t o  be marketed u l t i m a t e l y  by i n d u s t r y  s e r v i c e  companies, 
thus  making t h e  advancement a v a i l a b l e  t o  t h e  e n t i r e  i n d u s t r y .  
Mobil has a l r eady  made a s u b s t a n t i a l  r e s e a r c h  e f f o r t  i n  t h e  program 
a r e a  a s  e x h i b i t e d  by $ 1 / 2  m i l l i o n  expended on equipment, manpower, 
and r e s e a r c h  r e s u l t s ,  t h a t  t hey  p l a n  t o  c o n t r i b u t e  t o  t h e  proposed 
p r o j e c t .  For  t h e s e  reasons  i t  i s  f e l t  t h a t  a coope ra t ive  p r o j e c t  
i s  t h e  p rope r  way t o  develop t h i s  technique .  

These v a r i a b l e s  can be combined t o  form d r i l l i n g  response 

The improved procedures  developed by t h i s  p r o j e c t  should 
c o n t r i b u t e  t o  i n c r e a s e d  r e s e r v e s  [fewer l o s t  w e l l s  i n  w i l d c a t  
a r e a s ,  fewer commercial i n t e r v a l s  i n  a w e l l  hidden by format ion  
damage) , i n c r e a s e d  w e l l  p roduc t ion  r a t e s  (reduced formation damage), 
and reduced d r i l l i n g  and completion c o s t s  ( i n c r e a s e d  d r i l l i n g  r a t e s ,  
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r educed  r i g  t i m e ,  r e d u c e d  d r i l l i n g  problems and d i s a s t e r s ,  
r educed  f o r m a t i o n  damage r e s u l t i n g  i n  r e d u c e d  w e l l  s t i m u l a t i o n  
c o s t s ) .  The b e n e f i t s  w i l l  b e  d e r i v e d  by implemen ta t ion  o f  t h e  
f o l l o w i n g  p r o j e c t  accompl ishments  w i t h i n  d r i l l i n g  o p e r a t i o n s :  

(1) A g r e a t l y  improved knowledge o f  t h e  d r i l l i n g  
d i f f e r e n t i a l  p r e s s u r e  (AP) w h i l e  d r i l l i n g .  T h i s  
r e a l  t ime  knowledge w i l l  a l l o w  a d d i t i o n a l  c o n t r o l  
of t h e  d r i l l i n g  p r o c e s s  t o  o b t a i n :  

(e 1 

( 2 )  Real 

Improved d e t e c t i o n  o f  p r e s s u r e  t r a n s i t i o n  
zones .  T h i s  a b i l i t y  w i l l  r e d u c e  t h e  chances  
o f  a blowout  and l o s s  o f  t h e  h o l e  when a geo-  
p r e s s u r e d  zone i s  e n c o u n t e r e d ,  and o f  l o s t  
c i r c u l a t i o n  when a low p r e s s u r e d  zone i s  e n c o u n t e r e d .  
D r i l l i n g  s a f e t y  and e n v i r o n m e n t a l  c o n t r o l  w i l l  be  
improved. 

Improved s e l e c t i o n  o f  c a s i n g  s e t t i n g  d e p t h s ,  
e s p e c i a l l y  i n  t h e  p r e s s u r e  t r a n s i t i o n  and o v e r -  
p r e s s u r e d  zones .  Improved c a s i n g  p o i n t  s e l e c t i o n  
can  sometimes r e s u l t  i n  one l e s s  c a s i n g  s t r i n g  i n  
a h o l e .  

Fewer t r i p s ,  i n c r e a s e d  b i t  f o o t a g e ,  i n c r e a s e d  
p e n e t r a t i o n  r a t e ,  and r educed  d r i l l i n g  problems 
from d i f f e r e n t i a l  s t i c k i n g  and s l o u g h i n g  s h a l e s  
b e c a u s e  o f  t h e  a b i l i t y  t o  d r i l l  s a f e l y  w i t h  a 
low d i f f e r e n t i a l  p r e s s u r e  ( n e a r  b a l a n c e d  p r e s s u r e  
d r i l l i n g )  and  d e c r e a s e d  open h o l e  t ime.  

Reduced f o r m a t i o n  damage due t o  lower  mud f i l t r a -  
t i o n  p e n e t r a t i o n  o f  t h e  f o r m a t i o n  because  o f  
lowered  d i f f e r e n t i a l  p r e s s u r e s  w h i l e  d r i l l i n g  and 
d e c r e a s e d  open h o l e  t i m e .  

A c c u r a t e  n e a r  b a l a n c e d  p r e s s u r e  d r i l l i n g  w i l l  p e r m i t  
improved mud d e s i g n s ,  e . g . ,  h i g h e r  mud f i l t r a t e  
l o s s  w i l l  be  a c c e p t a b l e .  

t ime  l o g s  o f  f o r m a t i o n  d r i l l a b i l i t y  (C,), p o r o s i t y  
( f rom C f ) ,  p o r e  p r e s s u r e  (P ) ,  d r i l l i n g  e q u a t i o n  p a r a -  

P 
meters ,  d i f f e r e n t i a l  p r e s s u r e ,  and r a t e  o f  p e n e t r a t i o n  
(ROP). The Cf l o g  i s  a good r e a l  t i m e  l o g  by which t o  
c o r r e l a t e  f o r m a t i o n s  f rom w e l l  t o  w e l l .  Real time 
c o l l e c t i o n  o f  t h e  above l o g s  means t h a t  t h e  d r i l l i n g  and 
f o r m a t i o n  p r o p e r t i e s  o f  a w e l l  l o s t  d u r i n g  d r i l l i n g  a re  
pe rmanen t ly  a v a i l a b l e  up u n t i l  t h e  i n s t a n t  t h a t  t h e  w e l l  
was l o s t ,  
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(3)  New and g r e a t l y  improved i n f o r m a t i o n  on t h e  d r i l l i n g  
p r o c e s s  i n  t h e  form of improved v e r s i o n s  o f  e m p i r i c a l  
d r i l l i n g  p r o c e s s  e q u a t i o n s .  These e q u a t i o n s  can be  
used  t o  improve d r i l l i n g  c o s t  m i n i m i z a t i o n  a l g o r i t h m s ,  
t o  h e l p  deve lop  d i r e c t  r i g  c o n t r o l  t e c h n i q u e s ,  e t c .  

Th i s  p roposed  program h a s  been s u b m i t t e d  t o  ERDA/DOGST i n  
a j o i n t  Mobi l /Sandia  r e p o r t ,  " D r i l l i n g  and Formation I n f o r m a t i o n  
System,"  d a t e d  October  1 2 ,  1 9 7 6 .  

RE FE REN CE 

1 )  E a t o n ,  Brown, and M a r t i n ,  J .  Pe t ro l eum Tech . ,  May 1975. 

T a b l e  I 

S h e a r  S t r e n g t h s  o f  D i f f u s i o n  Bonded Cermet Blank Pa i rs  

Bonding P r o c e s s * *  Met a1 1 i z a t i o n  
S h e a r  

P r e  s s u r e  Thickness  
I d e n t  i t y  Technique l l p s i  MF'a Tempera ture  M a t e r i a l  v m  P r o c e s s  

ADH- 1 
ADH- 2 
ADH- 3 
ADH- 4 
ADH - 9 
ADH- 6 
ADH- 7 
A D H - 1 2  
ADH-13 
A D H - 1 0  
A D H - 1 1  
ADH- 5 

GPB- 1 
GPB- 2 
GPB- 3 
GPB-4" 
GPB- 5" 
GPB-6" 
GPB -, 7 
GPB- 8 

Vacuum Hot P r e s s  
Vacuum Hot P r e s s  
Vacuum Hot P r e s s  
Vacuum Hot P r e s s  
Vacuum Hot P r e s s  
Vacuum Hot P r e s s  
Vacuum Hot P r e s s  
Vacuum Hot P r e s s  
Vacuum Hot Press 
Vacuum Hot P r e s s  
Vacuum Hot P r e s s  
Vacuum Hot P r e s s  

Gas P r e s s u r e  Bonding 
Gas P r e s s u r e  Bonding 
Gas P r e s s u r e  Bonding 
Gas P r e s s u r e  Bonding 
Gas P r e s s u r e  Bonding 
Gas P r e s s u r e  Bonding 
Gas P r e s s u r e  Bonding 
Gas P r e s s u r e  Bonding 

100 690 % 625 
50 345 % 625 

1 0 0  690 PI, 625 
1 0 0  690 % 600 
1 0 0  690 % 600 
1 0 0  690 2r 600 
100 690 PI, 600 
1 0 0  690 2r 600 
1 0 0  690 % 600 
1 0 0  690 PI, 600 
1 0 0  690 PI, 600 
1 0 0  690 PI, 600 

40 276 PI, 600 
40 276 % 600 
40 276 PI, 650 
40 276 PI, 650 
40 276 % 600 
40 276 % 600 
40 276 PI, 650 
4 0  276 % 650 

N i  38 
N i  100 
N i  38 

N i  + Co 125 
co 38 
N i  25 
N i  25 
N i  25 
N i  25 
co 25 
co  25 
co 1 0  

N i  25 
N i  25 
N i  25 
N i  25 
N i  50 
N i  50  
N i  50 
N i  50 

E l e c t r o p l a t e  
E l e c t r o p l a t e  
E l e c t r o p l a t e  
E l e  c t r o p  1 a t e  
Ele  c t r  op l a t e  
EB Ion P l a t e d  
EB Ion  P l a t e d  
EB I o n  P l a t e d  
EB Ion  P l a t e d  
EB I o n  P l a t e d  
EB I o n  P l a t e d  
Chemical""" 
Vapor 
D e p o s i t i o n  

EB Ion  P l a t e d  
EB I o n  P l a t e d  
EB I o n  P l a t e d  
EB Ion P l a t e d  
Elec t  rop  l a t e  
Elect  rop  1 a t e  
E l e c t r o p l a t e  
E l e c t r o p l a t e  

51 350 
4 4  300 
25 1 7 0  
58 400 

90 620 
74 510 
75 520 

113 780 
60 4 1 0  
54 370 

_ _  - - -  

1 . 4  1 0  

7 7  530 
84 580 
78 540 
19 130 

_ _  _ _ -  
47 320 
42 290 

-Assembly problems h e l d  f a y i n g  s u r f a c e s  a p a r t .  
* *  Bonding time f o r  a l l  spec imens  was f o u r  h o u r s .  
*** Tempera tures  used  were t o o  low f o r  a d h e s i o n .  
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Table  I 1  

Summary o f  Shear  Test  Data  f o r  D i f f u s i o n  Bonded Cermet Samples 

Sample Type 

Cermet N i c k e l  
Matrix P l a t i n g ,  v m  

Cobal t  25 

Cobal t  6 0  

C o b a l t  

Cobal t  

Cobal t  

Cobal t  

Cobal t  

Copper 

Copper 

Copper 

25 

6 0  

6 0  

25 

2 5  

60 

2 5  

6 0  

P r o c e s s  C o n d i t i o n s  (1)  

S h e a r  S t r e n g t h  
T r a n s f e r  Medium MP a Kpsi MPa 

S o l i d  G r a p h i t e  20 7 6 2  4 2 6 ( 2 )  

S o l i d  G r a p h i t e  20 7 6 1  4 2 1 ( 2 )  

G r a p h i t e  Granules  2 0 7  8 3  5 7 3 ( 3 )  

G r a p h i t e  Granules  20 7 6 4  4 4 2 ( 3 )  

A 1  umi num 2 0 7  1 3  8 8 ( 2 )  

S o l i d  G r a p h i t e  2 7 6  6 7  4 6 4 ( 2 )  

G r a p h i t e  Granules  2 76 72 5 0 0 ( 3 )  

S o l i d  G r a p h i t e  20 7 55 3 8 1 ( 2 )  

G r a p h i t e  Granules  20 7 46  318(3)  

G r a p h i t e  Granules  20 7 5 8  398(3)  

Press u r e  P res s u r e  

( 1 )  A l l  specimens bonded a t  9 2 3  K f o r  4 h o u r s .  
( 2 )  Average f o r  t h r e e  t e s t  spec imens .  
( 3 )  Value f o r  one t e s t  spec imen,  more specimens t o  be t e s t e d .  

Table  I 1 1  

B i t  P r  e s  s u r e  
Weight Torque Mud Flow Drop @ B i t  D r i l l  Ra te  

( I b s )  RPM ( f t / l b s )  ( g p d  ( p s i )  C f t / h r )  

1 5 0 0  200 1 5  2. 70 'L 100 1 . 3 5  

2500 200 4 5  6 6  100 6 . 1  

3 5 0 0  200 130  5 5  1 0 0  2 7 . 9  
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